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GENERAL INTRODUCTION 
In th is portion of my thesis, I w i l l review the l i terature in areas of 
investigation having a close bearing on the proposed research. The f i r s t 
two sections w i l l summarize what is known about eye-head coordination, 
and about the anatomy and physiology of the pontine ret icular formation. 
These surveys w i l l provide a general background for the original work 
described in the main portion of the thesis. The th i rd section w i l l 
review previous work relat ing the pontine ret icu lar formation to 
movements of the eyes and the head, and is of more immediate importance 
to my work. The rationales for the studies I have earned out, in the 
contexts of the most relevant previously published studies, w i l l be 
presented in the separate, specific introductions in the three chapters 
that comprise the mam portion of the thesis. 
A. Eye-Head Coordination 
In unrestrained animals (including humans), large shi f ts of gaze 
involve not only eye movements, but also head movements. Chun and 
Robinson (1978) have speculated that the foveating saccade of primates 
and carnivores evolved from eye movements induced by active head movement 
via the vestibular system. In other words, the evolutionary precursor of 
the saccade would be the anticompensatory movement, or quick phase of 
nystagmus, that would result from an active head movement by reflex 
2 
mechanisms. For example, i f the head turned to the r igh t , the resulting 
vestibular stimulation would cause a reflex movement of the eyes to the 
l e f t (a compensatory or slow phase movement) which, because of the 
mechanism responsible for generating nystagmus, would be followed by a 
resetting quick phase eye movement to the r ight . The net effect of th is 
sequence of movements is that gaze (the direction of the l ine of sight in 
space) is f ixed f i r s t in the original direction and then in the new 
direction with very l i t t l e sl ipping of the visual image across the retina 
except during the br ie f anticompensatory eye movement. In primates and 
carnivores, saccadic eye movements can achieve such an effect when the 
head is restrained, i . e . , no vestibular stimulation is required to 
in i t i a te the eye movement. And even when the head is unrestrained, the 
sequence of movements exhibited by a present day mammal during a 
voluntary sh i f t of gaze is often different from that described above. 
1. Eye-head coordination in primates 
The pattern of eye-head movements that occurs when a monkey shifts i t s 
gaze to a target presented at a point displaced horizontally from the 
animal's start ing position has been described by Bizzi and his colleagues 
(Bizzi, 1974; Bizzi et a l . , 1971; Morasso et a l . , 1973). The eyes begin 
a saccadic movement while the head modulates the saccade amplitude and 
duration, primarily via vestibular stimulation (Bizz i , 1974; Dichgans et 
a l . , 1974; Morasso et a l . , 1973), and f ina l l y when the eyes have reached 
the target, a pure compensatory eye movement continues unti l the head 
movement is completed. I t should be noted that although in th is 
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situation the eyes move before the head, EMG act iv i ty in neck muscles can 
be recorded about 20 msec before such ac t iv i ty is observed in the 
extraocular muscles (Bizzi et a l . , 1971). I t appears then, that for 
voluntary gaze sh i f ts of th is kind, the central nervous system issues 
more or less simultaneous commands to the head and eyes to move to the 
target, while the labyrinth is responsible for supplying the information 
necessary for eye-head coordination (Bizz i , 1974). A similar scheme has 
recently been proposed for eye-head tracking movements (Lanman et a l . , 
1978). We should note in passing that i f the animal knows where the 
target w i l l be presented, the head movement begins before the eye 
movement and a small compensatory movement of the eyes is observed jus t 
before the saccade (Bizz i , 1974; Bizzi et a l . , 1971). 
The pattern of eye-head movements that occur during voluntary shif ts 
of gaze continues to be an area of active research (Barnes, 1979; Uemura 
et a l . , 1980, Zangemeister et a l . , 1981). In addit ion, head movements 
have also been shown in primates to play a role in gaze s tab i l izat ion: 
s l ight compensatory and anticomensatory head movements can be observed 
during passive rotaton of the subject, or rotation of the visual 
environment (optokinetic stimulaton) (Outerbndge and Melvi l l Jones, 
1971; Kubo et a l . , 1981; O-Uchi et a l . , 1981). 
2. Eye-head coordination in subpnmates 
In lower mammals, as exemplified by rabbits and rodents, the 
contribution of head movements to gaze controls is greater than in 
primates. Collewijn (1977b) has compared eye-head coordination in 
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rabbits, cats, and humans. He found that head movements were 
increasingly involved in gaze shif ts in going from humans to cats to 
rabbits , i . e . , there was a trend towards fewer ocular saccades occuring 
without a concomitant head movement. [.The observation that rabbits 
rarely make ocular saccades that are not accompanied by head movements 
(Collewijn, 1977a, b), and that they rarely make spontaneous eye 
movements when the i r heads are restrained ( l i terature cited in Collewijn, 
1977a) was instrumental in leading Chun and Robinson (1978) to their 
speculations about the evolution of saccadic eye movements in primates.] 
Head movements in response to passive angular motion or optokinetic 
stimulaton in the guinea pig (Gresty, 1975) and in the rabbit (Ful ler, 
1981) are more pronounced than in primates. 
Some of the early l i terature on head nystagmus is reviewed in Magnus 
and de Klei jn (1923), Outerbndge and Melvi l l Jones (1971), Sirkin et a l . 
(1980b), and in Kubo et a l . (1981). 
3. Coupling of head and eye movements 
One issue that has a bearing on this proposal is the question of the 
extent to which eye and head movement controls are linked in the central 
nervous system. In a l l the primate and non-pnmate studies cited above, 
voluntary head movements and anticomensatory head movements (quick phases 
of head nystagmus) were almost always accompanied by eye movements. The 
onset of the accompanying ocular saccade or quick phase could be either 
just before or af ter the onset of the head movement (Ful ler, 1981; 
Barnes, 1979; Bizz i , 1974; Bizzi et a l . , 1971). As Collewijn (1977b) has 
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pointed out in the case of voluntary movements in the rabbit, when the 
eye movement starts after the head movement, it could be interpreted as a 
quick phase eye movement following a compensatory eye movement initiated 
by the head movement via the vestibular and/or visual system. A similar 
mechanism may operate in humans making voluntary head movements in the 
dark (Barnes, 1979). Nevertheless, the data available is consistent with 
the notion that whenever a voluntary or quick phase head movement is 
initiated, a central eye movement command is sent out at or about the 
same time as the head movement command. The linkage in the other 
direction appears to be less tight. Primates often make ocular saccades 
and quick phases without concomitant head movements, and such independent 
eye movements are also observed, though less frequently, in the rabbit. 
Fuller (1981) has made the interesting observation in the rabbit that 
when the head is restrained there is a complete coupling of eye movements 
and attempted head movements (as measured by strain gauges) during 
passive rotation. Thus, the degree of coupling may be modulated by 
propnocepeptive and vestibular feedback. 
4. Head and eye movements and the "reafference principle" 
Another interesting question is whether eye and head movements are 
ever uncoupled from the vestibular and optokinetic mechanisms responsible 
for compensatory movements. The purpose of such an uncoupling would be 
to allow voluntary and quick phase movements to occur. The sort of 
disconnecting or deactivating of neural circuitry required would not be 
without precedent. For example, it has been demonstrated that activity 
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in visual pathways is suppressed during saccadic eye movements (see 
Volkmann et a l . , 1978 for a review) and eye blinks (Volkmann et a l . , 
1980). Robinson (1968), in fact, suggested that vestibular act iv i t ies 
might be suppressed during voluntary eye-head turning, and Dichgans et 
a l . (1972) suggested that vestibular efferent fibers might actually 
suppress the act iv i ty in the receptors themselves to achieve th is effect. 
However, the work of Bi^zi and his colleagues (see especially Morasso et 
a l . , 1973) demonstrates, as we have seen, that eye movements are 
modulated by the vestibular system during active head movements and even 
during ocular saccades. This result would have been predicted by the 
"reafference principle" (Hoist and Mittelstaedt, 1950), according to 
which reflex mechanisms are not in general disengaged during voluntary 
movements. [The evidence presented by Volkmann et a l . , (1978) for a 
visual suppression mechanism during saccadic eye movements is counter to 
the scheme for perception during eye movements proposed by Hoist and 
Mittelstaedt (1950). However, their scheme can remain essentially 
unchallenged by the more recent evidence i f the purpose of the visual 
suppression mechanism be to avoid blurred images rather than to inh ib i t 
optomotor reactions or to prevent false motion perception. The 
"reafference" produced by the voluntary saccade s t i l l exists: i t is the 
difference between the visual image before the movement and the image 
after the movement.] Thus, for voluntary saccades in the monkey, the 
vestibular signal is not eliminated during a saccade command, but rather 
there is a summing of the two signals. I t remains to be answered whether 
the same holds for quick phases of eye nystagmus and for head movements. 
I f a summing mechanism rather than a suppressing mechanism operates 
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during eye nystagmus, and i f the quick phase commands were the same 
regardless of the vestibular and optokinetic stimulus strength, then i t 
follows that during rotation ( in the l i gh t ) quick phase velocit ies would 
be s l igh t ly slower for fast rotations than for slow rotations. I do not 
know i f anyone has ever made the necessary measurements. 
As for head movements, i t would be d i f f i c u l t to determine from 
behavioral observations alone whether a summing or suppression mechanism 
operates during voluntary or anticompensatory head movements. Since the 
principle that reflex mechanisms are not blocked or uncoupled during 
voluntary movements appears to have a wide generality (Hoist and 
Mittelstaedt, 1950), we can expect that i t w i l l hold in the case of 
voluntary head movements. Therefore, i t is l i ke ly that a summing 
operation occurs. When we consider the voluntary head movement, we must 
deal with the fact that i t is the voluntary movement i t se l f that gives 
rise to the vestibular stimulus that in turn gives rise to the reflex 
opposing the voluntary movement. This is different from the eye movement 
that occurs during voluntary eye-head turning considered by Morasso et 
a l . , (1973) since the eye movement is not responsible for the vestibular 
stimulus. [ I t could be argued that a voluntary ocular saccade produces 
an optokinetic stimulus that should cause an opposing reflex response. 
However, as noted above, vision is suppressed during saccades. 
Furthermore, the stimulus is too fast and of too short a duration to 
e l i c i t an optokinetic slow phase (see Collewijn, 1969).] However, i t is 
exactly the sort of case governed by the reafference principle of Hoist 
and Mittelstaedt (1950). According to th is pr inc ip le , the afferent flow 
resulting from a voluntary movement, which flow is termed "reatference", 
Figure 1. Schemes for voluntary lateral head movement. _a, b, c_. 
Three possible sites of cancellation of the reafference 
signal by the efference copy of Hoist and Mittelstaedt: 
a_. the vestibular nuclei neurons, b. the receptor cells in 
the vestibular apparatus, and c_. the neck motoneurons. 
d. is a simplification of the scheme illustrated in c_. 
whereby the "efference copy" is contained in the discharge 
of the fibers carrying the command signal. e_. shows a 
way in which the scheme in d. could operate at the level 
of the neck motoneurons. Thickness of arrow indicates 
strength of signal. Curved arrow in a_.-jd. represents a 
voluntary turn of the head to the right. "+" and "-" 
indicate where summation (cancellation) of the reafference 
and efference copy signals occurs. (The signal in favor 
of an active turn to the right is labeled "+".) Hollow 
synapses are excitatory; solid synapses are inhibitory. 
Abbreviations: A. afferent signal (reafference) in 
primary vestibular afferent fibers; C. command signal; E. 
efferent discharge in motor fibers; EC. efference copy; 
HC. horizontal semicircular canal receptor cells; L. 
left motoneuron; M. neck muscles; MN. neck muscle 
motoneurons; MS. mechanical signal in labyrinth resulting 
from head movement; R. right motoneuron; VN. vestibular 
nucleus neurons; Z. higher centers. 
EC 
C 
$ < 
(MN) 
a. 
© 
-MM) 
C 
b. 
#MS 
I 
(MN) 
M 
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is offset by act iv i ty called "efference copy", arising from the same 
source as the motor command, and occuring in a set of neural elements 
supposedly located at a low level i . e . , near the points of motor outflow 
and sensory inflow. In f i g . 1 . I have represented possible schemes for 
in i t i a t ion of a head movement to the r igh t , i l l us t ra t ing three different 
points where the equal, but opposite, reafference and efference copy 
might be summed: neurons in the vestibular nuclei (a), the receptor hair 
cells in the vestibular apparatus (in which case the efference copy would 
be carried on vestibular efferent fibers) (b), and the neck muscle 
motoneurons (c). The f i r s t two possib i l i t ies would appear to be ruled 
out by the experiments of Morasso et a l . , (1973): eye movements are 
influenced by the labyrinth during voluntary eye-head turning. Of 
course, one could postulate separate populations of cel ls for 
vestibulocoll ic and vestibuloocular relations so that the efference copy 
could impinge upon one and not the other. But, in fac t , i t appears that 
most vestibuloocular neurons that project to the abducens nucleus have an 
axonal branch that descends in the medial longitudinal bundle (R. Baker, 
personal communication). So there may be only one population. Thus the 
th i rd possib i l i ty , that the summation takes place at the level of the 
neck motoneurons, is more l i ke l y . This scheme (c) can be simplif ied by 
eliminating the efference copy entirely and making the command signal for 
the voluntary movement stronger (d). The summation is now presumed to 
take place on the motoneurons themselves, as in the possible mechanism 
i l lus t rated in Fig. l e . On the right neck motoneuron, the excitatory 
input from the commanding fibers is greater than the inhibitory input 
from direct or indirect fibers of the vestibulospinal system, so a strong 
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output signal results. The l e f t motoneuron has a weak output because the 
strong command f iber input is inhibi tory. In a sense, the idea of 
efference copy is s t i l l contained in the fact that a portion of the 
command signal is used to offset the signal from the vestibular neurons. 
The command signal is thus stronger than i t would need to be were there 
no reafference. The f i r s t simpli f icat ion represented in Fig. Id and e 
may be performed by analogy in other situations that can be modeled by 
the reafference pr inciple. I t appears to be parsimomus, because no 
separate neural elements are required for the efference copy. I must 
point out that I have actually begged the question in Fig. la-c by 
showing the efference copy as arising from higher centers. The only 
thing that is lost by getting r id of the efference copy is the influence 
on perception that i t was supposed to have. However, for the purpose of 
perception, the afferent inflow during or following a voluntary movement 
can be compared with the expected reafference just as easily at the level 
at which the voluntary movement originates. 
Final ly, i t should be noted that quick phases of nystagmus can be f i t 
into the scheme outlined above by assuming that , beginning at some leve l , 
the signals for them follow the same channel as the command signal in 
Fig. 1 in the case of head nystagmus, and the same channel as the 
saccadic command in the case of ocular nystagmus. The signal for a head 
quick phase arises from proprioceptive stimuli ( i t must, since no other 
senses are stimulated—see Outerbndge and Melvi l l Jones, 1971; Sirkin et 
a l . , 1980b), whereas the signal for an ocular quick phase arises from the 
discharge of a neural integrator as in the nystagmus model proposed by 
Hoist and Mittelstaedt (1950). [A vestibular stimulus is suff ic ient to 
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elicit an ocular quick phase (Melvill Jones, 1964), and proprioception 
does not appear to be involved (evidence reviewed in McCabe, 1965; 
Carpenter, 1977).] 
B. Anatomy and Physiology of the Pontine Reticular Formation 
Numerous reviews have dealt with the anatomy and physiology of the 
reticular formation (Brodal, 1957; Rossi and Zanchetti, 1957; Magoun, 
1950; 1963; Scheibel and Scheibel, 1967; Pompeiano, 1973; Siegel, 1979). 
In this brief survey I will focus on the region most relevant to the 
present study, the medial pontine reticular formation (PRF), particularly 
the nucleus reticularis pontis caudal is (R.p.c.) as defined below. In 
addition, wherever such comparative observations have been made in the 
literature, attention will be drawn to differences that exist in the 
anatomy and physiology of this region between rodents and rabbits on the 
one hand and "more advanced" mammalian forms such as carnivores and 
primates on the other. Such differences may be important for 
interpreting the results of the original studies included in this thesis, 
especially when the question arises of whether it is possible to directly 
apply my results in the rat to the cat or to man. I believe that my data 
are relevant to human neurology, but whether the role of the pontine 
reticular formation is as important in descending motor control in 
"higher" mammals as it is in the rat will remain to be determined. 
The literature on the involvement of the pontine reticular formation 
in head and eye movement control is the topic of the next section and so 
will not be dealt with in this section. Likewise, a review of past 
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studies of projections from the PRF to the spinal cord is delayed unt i l 
the specific introduction to the anatomical study (Chapter I I ) . 
As mentioned above, the portion of the pontine ret icular formation 
that is the focus of these studies is the nucleus ret icu lar is pontis 
caudalis, or R.p.c. (Meesen and Olszewski, 1949; Brodal, 19b7). Brodal 
has emphasized that the boundaries between R.p.c. and i t s neighbors at 
either end, the rostral and caudal continuations ot the magnocellular 
main ret icular formation, nucleus ret icu lar is pontis oral is (R.p.o.) and 
nucleus ret icular is gigantocel lulans (R.gc.) respectively, are quite 
ind is t inc t . Furthermore, as indicated below (item 1), cytoarchitectural 
boundaries in the ret icular formation are of questionable significance. 
Therefore, in view of the fact that the boundaries vary from study to 
study and even from atlas to at las, I decided, as a f i r s t step towards 
al leviat ing this confusion, to redefine the rostral and caudal boundaries 
of R.p.c. using easily discernible anatomical landmarks. As i l l us t ra ted 
in Fig. 2, the "nucleus" I have designated as R.p.c. is the portion of 
the magnocellular main ret icu lar formation ly ing between two imaginary 
transverse planes. Caudally i t is bounded by the imaginary plane lying 
along the backs of the exit ing limbs of the facial nerves. Rostrally i t 
is bounded by the plane going through the rostral pole of the masticator 
nucleus and the caudal pole of nucleus ret icu lar is tegmenti pontis 
( N . r . t . ) . These boundaries w i l l be implied by the designation "R.p.c." 
throughout this proposal, both for the l i te ra ture reviewed, and the 
original work reported. 
I 
a. Diagram indicating the location of the nucleus 
ret icular is pontis caudalis ( R . p . c ) , as defined in th is 
proposal, on a 0.9 mm lateral saggital plane taken from 
Pellegrino et a l . (1979). The shaded portion is R .p .c , 
and the structures enclosed by dotted lines and used as 
landmarks, were traced from more medial or lateral planes 
in the at las, b. A diagram from a s l ight ly more medial 
section indicating the zone of strongest lesion effects on 
quick phases of head nystagmus (hatched region). The 
larger, unshaded enclosed area marks the region explored. 
(From S i rk in , Jacobson, and Kramer, in preparation). 
Abbreviations: BC, brachium conjunctivum; CB, cerebellum; 
IC, in fer ior co l l icu lus; 10, in fer ior o l ive; IV, trochlear 
nucleus; MVN, medial vestibular nucleus; N . r . t . , nucleus 
ret icular is tegmenti pontis; Tz., trapezoid body; P, 
pontine grey; PVG, periventricular grey; R, red nucleus; 
R.gc, nucleus ret icu lar is gigantocel lulans; R.p.o., 
nucleus ret icu lar is pontis o ra l i s ; SC, superior 
col l icu lus; VM, masticator nucleus; V I I , genu and exi t ing 
limb of facial nerve. 
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1. Morphology: cytoarchitectomcs, appearance in Golgi sections and 
supposed implications. 
Cytoarchitectonic atlases of the lower brainstem have been presented 
for the rat (Valverde, 1962; Wunscher et a l . , 1965), rabbit (Meesen and 
Olszewski, 1949), cat (Brodal, 1957; Taber, 1961), and human (Olszewski 
and Baxter, 1954 [cited in Brodal, 1957]). Other authors have remarked 
on the cytoarchitecture of the ret icular formation beginning at least as 
far back as 1885 (Bechterew Lei ted by Leontovich and Zhukova, 1963]; 
Vincenzi [c i ted by Ramon Cajal, 19U9]). According to the Scheibels 
(1958), there are about 20-40 neurons/10 cubic microns in the pontine 
reticular formation. Cajal (1109) recognized two classes of soma types 
in the brainstem ret icular formation: a) small and medium-sized cells 
(12-14 u diameter) and large and giant cel ls (30-90 u). Meesen and 
Olszewski (1949) reported that R.p.c. in the rabbit contains giant ce l ls , 
spindle-shaped ce l ls , and smaller elements. Valverde (1961) divided the 
cells in the pontine and medullary ret icular formation into three classes 
on the basis of soma shape: a) modioliform, b) multipolar, and c) round 
or s l ight ly oval (the smaller ce l ls ) . The most dist inct ive 
cytoarchitectural feature of the region is the presence of the ret icular 
giant cel ls , which are also present in nucleus ret icular is 
giganto-cellulans (R .gc ) , which is the medullary extension of R.p.c. 
(Brodal, 1957). Remarks have been made in the l i terature concerning the 
size of these giant cel ls relat ive to other large neurons in the 
brainstem (e .g . , motoneurons), differences in cell size between species, 
and differences in size and concentration ot giant cel ls at different 
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levels of the lower brainstem reticular formation. 
Taking the first point first, Cajal (1909) noted that the reticular 
giant cells (in cats and lower mammals) are larger than facial and 
hypoglossal motoneurons, and rivaled only by the giant cells in Belters' 
nucleus. With regard to the second point, Cajal stated that in small 
mammals, such as rabbit, cat and guinea pig, the reticular giant cells 
are considerably bigger than in man. Brodal (1957) similarly said that 
"R.p.c contains numerous giant cells in rabbit and cat" while in man 
there are some large cells in addition to smaller types. Finally, 
regarding the size and distribution of giant cells at different levels in 
the brainstem, Valverde (1961; 1962) reported that the largest cells in 
the brainstem reticular formation of the rat are found in R.p.c. at the 
level of the abducens nucleus. He pointed out (Valverde, 1962) that this 
is in contrast with the case in the cat (Brodal, 1957) where there are at 
least as many very large cells in the medullary R.gc. Taber (1961), in 
fact, says that in the cat, R.p.c. has fewer giant cells and more medium 
and small cells than R.gc, but that "at a level just rostral to nucleus 
nervi abducentis, the medial region has a relatively large number of 
giant cells". Wunscher et al., (1965) also pointed out that in the rat, 
at rostral levels of the R.p.c, giant cells are found mostly in medial 
portions of the nucleus. 
There have been a number of studies of the reticular formation using 
the Golgi method, especially in the last three decades beginning with the 
work of the Scheibels (1958). Recently, intracellular HRP injections 
have augmented the picture of the brainstem reticular formation created 
by Golgi studies (Baker, 1980). This picture is quite different from the 
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one obtained by viewing Nissl-stained material. Whereas i t is possible 
to parcellate the brainstem into fa i r l y dist inct nuclei on the basis of 
i t s appearance in Nissl-stained sections (Meesen and Olszewski, 1949; 
Olszewski and Baxter, 1954 [ci ted by Ramon-Moliner and Nauta, 1966]; 
Brodal, 1958; Wunscher et a l . , 1965; e tc . ) , meaningful boundaries cannot 
be drawn using Golgi material because the dendrites of the cel ls extend 
far beyond the confines of such nuclei and overlap with the dendritic 
f ields of quite remote cel ls (Mannen, 1960; Ramon-Moliner and Nauta, 
1966; Scheibel and Scheibel, 1967). Furthermore, while the somas of 
ret icular formation cel ls exhibit a variety of sizes and shapes, thei r 
dendrites and axons have some characteristic features that unify 
ret icular formation neurons and set them apart from the cells of other 
parts of the nervous system (Leontovich and Zhukova, 19b3; Ramon-Moliner 
and Nauta, 1966; Bowsher, 1973). The form and organization of afferent 
fibers to ret icular neurons is also dist inct ive (Scheibel and Scheibel, 
1958; Leontovich and Zhukova, 1963). 
Beginning with the dendritic morphology, Cajal (1909) described the 
dendrites of ret icular cel ls as long, thick and spiny. The description 
given by Leontovich and Zhukova (1963) is in agreement with Cajal 's , and 
these authors also emphasized that the dendrites are sparsely branching, 
and that the length and thickness of the dendrites in relation to soma 
size sets the ret icular neurons apart from "sensory" and motor cel ls of 
the brain stem. Ramon-Moliner and Nauta (1966) said that the average 
length of ret icular dendrites is greater than 300 u. They also said that 
ret icular dendrites have few spines, and that a ret icular giant cell and 
a cranial nerve motoneuron (e.g. a cell in the masticator nucleus) cannot 
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be distinguished from each other on the basis of soma and dendritic 
morphology. However, th is contradicts Cajal (1909) and Leontovich and 
Zhukova (1963). (Ramon-Moliner and Nauta used the Golgi-Cox method, 
whereas Leontovich and Zhukova simply stated that they used "the Golgi 
method".) The Russian authors, in fact , said that ret icular dendrites 
have long spines that vary l i t t l e in form throughout the ret icular 
formation, in contrast with motoneurons, which have few spines or none at 
a l l . Leontovich and Zhukova (1963) have attempted to redefine the 
ret icular formation as those regions of the central nervous system made 
up ent i rely of neurons having the same characteristic dendrit ic 
morphology as the neurons in the main brainstem ret icu lar formation. In 
thei r scheme, for example, the substantia nigra and the posterior 
hypothalamus are included in the ret icu lar formation, whereas nucleus 
ret icu lar is tegmenti pontis (N. r . t ) and the other precerebellar ret icu lar 
nuclei (Brodal, 1957) are not. [Brodal and Szikla (1972) pointed out, 
however, that the precerebellar ret icu lar nuclei are more diffusely 
organized in terms of d is t r ibut ion of afferents from dif ferent sources 
than are the other two major precerebellar structures, the pons and 
infer ior o l ive. Thus, the ret icular nuclei may be said to share a 
"ret icular" cha rac te r i s t i c ] The dendrites of brainstem ret icular 
neurons are mostly to be found in a transverse plane containing the soma 
(Scheibel and Scheibel 1958), and in the ra t , at least, th is appears to 
be especially true at pontine levels (Valverde, 1961). 
Turning to the axons of ret icular ce l l s , the Scheibels (1958) and 
Valverde (1961) agree that no short-axoned Golgi type I I cel ls are to be 
found in the brainstem ret icular formation. The Scheibels examined over 
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4000 brains. There are, however, some reticular cells of a type whose 
axon gives off a collatenal forming a plexus close to the soma (Scheibel 
and Scheibel, 1958; Leontovich and Zhukova, 1963). Leontovich and 
Zhukova (1963) also observed "a very few" reticular axons terminating 
close to their somas of origin, but in such a case the ramifications of 
the axon are scanty, and they become thinner distally, differing from the 
typical Golgi type II pattern. The long axons of reticular cells often 
branch widely: "a single axon may supply an appreciable number of 
[cranial nerve nuclei], both sensory and motor" (Scheibel and Scheibel, 
1958). Many brainstem reticular neurons send their axons towards the 
midline where they bifurcate into ascending and descending branches 
(Cajal [cited in Papez, 1926]; Scheibel and Scheibel, 1958; Baker, 1980). 
However, there are some that appear to project only caudally or only 
rostrally (Scheibel and Scheibel, 1967, see also Eccles et al., 1975). 
In the rat, axons of R.gc. and R.p.c. neurons tend to "form a 
longitudinal tract in the region of the medial longitudinal fasciculus", 
and both ascending and descending fibers give off short collaterals that 
branch off at right angles (Valverde, 1961). 
According to Leontovich and Zhukova (1963) the afferent fibers 
supplying reticular cells are distinctive in that they have long, 
sparsely ramifying branches. The Scheibels (1958) noted that collaterals 
of "long tract systems" branch off perpendicularly into the reticular 
formation and terminate in "somewhat restrained arborizations" on 
reticular dendrites and somas. Thus, a single fiber may innervate many 
reticular cells, and a single reticular cell will also have a variety of 
inputs. (Scheibel and Scheibel, 1958; Leontovich and Zhukova, 1963). The 
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relationship between the pyramidal t ract and the ret icular formation 
neurons has been especially noted in some Golgi studies (Scheibel and 
Scheibel, 1958; Mannen, 1960; Valverde, 1962). In the rat R .p .c , 
Valverde (1962) noted that the col laterals of pyramidal f ibers entering 
the ret icular formation were short, extending only about halfway up to 
the roof of the brainstem at most, but that the ret icular cel ls have long 
dendrites extending ventral ly . The dendrites can even reach into the 
pyramidal tract i t s e l f , as has also been noted by Mannen (I960) in other 
species. Mannen (1960) and Ramon-Moliner and Nauta (1966) have noted 
that i t is characteristic of dendrites of the ret icular formation and 
some other brainstem nuclei neurons that they can freely permeate bundles 
of axons. The lack of direct connections between the cortex and cranial 
nerve motor nuclei in the rat has been noted by Valverde (1962) and in 
other subpmnate species by earl ier authors. (For more on th is point, 
see item 2 of this section.) The ret icular formation may therefore be a 
l ink in a motor chain. Valverde (1962) was able to f ind one example of a 
ret icular cell that received a pyramidal t ract col lateral and sent i t s 
own axon into the oculomotor nucleus. Ramon Cajal (1909) suggested 
exactly such a role for RF neurons in the "magnocellular nucle i " , i .e . 
that they are second order motoneurons l inking pyramiaal t ract f ibers to 
bulbar or spinal motoneurons. He also concluded that not a l l ret icular 
neurons have the same function, and while some may be second order 
motoneurons, the majority are th i rd order sensory neurons. 
Before leaving the description of Golgi material, I w i l l mention an 
additional point. Valverde (1961), from his viewing of Golgi-stained 
brainstem sections, suggested that smaller cel ls in lateral portions of 
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the ret icular formation may serve as l inks between sensory structures 
such as the superior o l ive, the trigeminal nuclei and the vestibular 
nuclei, and the medial ret icular formation projection ce l ls . This 
lateral vs. medial dist inct ion was also propounded by Brodal (1957). 
There are two types of implications that anatomists have drawn from 
Golgi studies. The f i r s t type arises from the observation that the 
morphology of mammalian ret icular cells resembles the morphology of the 
majority of neurons in the central nervous systems of primitive 
vertebrates (Leontovich and Zhukova, 1963, Ramon-Moliner and Nauta, 1966; 
Bowsher, 1973). The second type of implication arises from the diffuse 
nature of inputs to and outputs from ret icular cel ls (Scheibel and 
Scheibel, 1958; Leontovich and Zhukova, 1963; Ramon-Moliner and Nauta, 
1966; Bowsher, 1973). The supposed significance of this second 
observation has no doubt been increased by the physiological experiments 
of the 1940s and 50s that suggested "nonspecific" roles, both for 
ret icular influences on spinal motor act iv i ty and ret icular influences on 
mental state in the forebrain. (These experiments w i l l be reviewed in 
items 4 and 5 of this section.) The two types of implications are not 
entirely unrelated. Thus, the mammalian ret icular formation is a remnant 
of the primit ive "nerve net" that controlled a l l behavior in early 
vertebrates, and i t s diffuse connections subserved the need of such 
creatures to perform the greatest number of operations with a small 
number of neurons (Bowsher, 1973). Given such a diffuse system in the 
brainstem core, i t can easily be adapted to subserve "nonspecific" 
ascending and descending function^. Ramon-Moliner and Nauta (19b6) 
caution, however, that overlapping of dendrites and connections does not 
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rule out differentiated functions. Rather such patterns might imply 
integrative activities. These authors also suggested that a single 
neuron may participate in "diffuse" and also specific functions, which 
could be segregated, for example, by dendritic vs_. soma inputs. As we 
shall see in section C of this introduction, when we review the eye 
movement literature, pontine reticualr formation neurons can play very 
specific roles. 
2. Sources and organization of afferents to the pontine 
reticular formation. 
To my knowledge, a comprehensive study of sources of afferents to the 
pontine reticular formation using a modern retrograde tracing technique 
(e.g. horseradish peroxidase [HRPJ) has not yet been performed. The 
afferent systems that have been described have been arrived at somewhat 
haphazardly, reflecting the whims and intuitions of experimenters, as 
well as their interests in certain projection systems that fortuitously 
include the PRF among their termination zones. Nevertheless, the list of 
sources identified so far already represent an extensive amount of the 
central nervous system, and it may turn out that all the major sources of 
afferents have been included in the following survey. 
a. somatosensory inputs: spinal and trigeminal 
The pattern of inputs to the reticular formation from the cord and the 
trigeminal system has been reviewed by Brodal (1957), Rossi and Zanchetti 
(1957), and Pompeiano (1973). 
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There is apparently no evidence for primary spinal afferent fibers 
reaching pontine levels of the reticular formation (Pompeiano, 1973). 
However, the ret icular formation is innervated extensively by long 
ascending fibers from the cord, including those belonging to an exclusive 
spinoreticular system, as well as col laterals from other ascending 
systems, such as the spinothalamic, dorsal and ventral spinocerebellar, 
and spinotectal systems (Brodal, 1957; Rossi and Brodal, 1957; Rossi and 
Zanchetti, 1957; Pompeiano, 1973). The large cell area of the pontine 
ret icular formation at the level of the masticator nucleus (presumably 
the R.p.c. region) is a terminal zone of spinoreticular f ibers according 
to Probst (1902) [c i ted by Brodal, 1957]. This projection has been 
described in detail by Rossi and Brodal (1957) in the cat. The fibers 
ascend in the white matter of the cord contralateral to their cells of 
or ig in, probably largely in the ventral portion of the lateral funiculus. 
In the medulla, they separate from the spinothalamic f ibers, taking a 
medial course dispersed through the medial brainstem. The terminations 
are chief ly homolateral in the medulla (with respect to the funiculus), 
but in the pons they are distr ibuted about equally to both sides. The 
terminations in R.p.c. are clear and def in i te , but there is a more dense 
projection to the nucleus subcoeruleus at th is leve l . The authors 
suggested that col laterals of the spinothalamic f ibers are not given off 
to the ret icular formation of the pons, which "appears to be supplied 
exclusively via the medial t rac t " . Anderson and Berry (1959), however, 
also working with s i lver techniques in the cat, described the medial path 
as continuing al l the way to the thalamus, terminating in the 
intralaminar nuclei. They have referred to this path as "the medial 
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spino-thai amic project ion". Thus, many of the ret icular terminations may 
be collateral-s of spinothalamic fibers after a l l . Furthermore, with the 
s i lver methods used in both of these studies, i t i s d i f f i c u l t to rule out 
the possib i l i ty that the separation of lateral and medial f ibers in the 
medulla represents, at least pa r t i a l l y , a branching of axons. Final ly , 
i t should be noted that Rossi and Brodal (1957) found no difference in 
the overall pattern of degeneration in the ret icular formation between 
cases in which the cord is damaged at cervical levels and those in which 
i t is damaged at lumbar levels, indicating that the spinoreticular 
projection is not somatotopic 
Before leaving afferents from the cord, I w i l l mention the medial 
lemniscus fibers (which are technically not in th is category, since they 
originate from the dorsal column nuclei of the medulla). There is scarce 
evidence for the medial lemniscus giving of f any col laterals to the 
ret icu lar formation (Brodal, 1957; Rossi and Zanchetti, 1957). Cajal 
[c i ted by Brodal, 1957; Rossi and Zanchetti, 1957J reported observing 
col laterals in the medial pontine ret icular formation, chief ly the 
rostral portion. Some reviewers (Scheibel and Scheibel, 1967; Pompeiano, 
1973) have doubted that any col laterals of medial lemniscus f ibers are 
given off to the main ret icu lar formation. 
Turning now to the trigeminal system, Cajal (1909) stated that a l l 
primary trigeminal afferents terminate in the sensory trigeminal nuclei. 
More recent experimental studies have challenged th is assertion. Torvik 
(1956) described some primary terminations in the dorsolateral ret icular 
formation adjacent to the spinal (descending) trigeminal nucleus in the 
ra t , and at pontine levels in the supratngeminal nucleus of Lorente de 
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No (dorsomedial to the principal sensory nucleus) and in the caudal part 
of the mesencephalic nucleus of the trigeminal nerve. In another study 
in the rat of degeneration following section of the trigeminal nerve 
proximal to the semilunar ganglion, Clarke and Bowsher (1962) reported 
presumed primary afferents terminating in a number of medullary and 
spinal locations. At pontine levels, there were terminations in the 
motor nucleus of the trigeminal nerve (masticator), but "no degeneration 
was seen to spread medially into the ret icular formation at this leve l " . 
Curiously, some presumed primary afferents passed through the principal 
sensory nucleus, swept ventrally across the tegmentum just dorsal to the 
superior olivary complex and into the other side of the brainstem to 
terminate in the contralateral principal sensory nucleus. The authors 
did not note whether these fibers give of f any col laterals to the 
ret icular formation. Recently, Wolstencroft (1980), using 
electrophysiological methods, obtained evidence for a primary afferent 
input from tooth pulp to dorsomedial ret icular neurons in the cat. These 
neurons were in a region extending from an intermediate medullary level 
up to the caudal pontine ret icular formation (roughly R.gc. and caudal 
part of R.p .c ) . 
Compared to the evidence for primary trigeminal afferents terminating 
in the ret icular formation, the evidence supporting the existence of 
secondary projections (projections from the sensory trigeminal nuclei) to 
the ret icular formation is unequivocal. Cajal (1909) described secondary 
trigeminal fibers traversing the brainstem to ascend and descend, giving 
off collaterals to the ret icular formation a l l along the way. This 
description has been embellished by Nauta and Kuypers (1958), who have 
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performed experiments in cats using the Nauta-Gygax method. They 
described f ibers entering the medulla from the descending trigeminal 
nucleus and then ascending b i l a te ra l l y , some along with the medial 
leminiscus, some adjacent to the spinothalamic f ibers , but a large number 
diffusely through the ret icular core a l l the way to the intralaminar 
thalamic cel l groups and the subthalamus, giving of f fibers to the 
tegmental ret icular formation on the way. Thus, in addition to 
innervating the medullary ret icular formation, as others have described 
(Papez, 1926; Scheibel, 1955), the descending trigeminal nucleus gives 
rise to a substantial ascending f iber system. Fibers from the principal 
sensory nucleus jo in the ascending tegmental f ibers i ps i l a te ra l l y , but 
th is degeneration may be due to involvement of a ret icular zone adjacent 
to the nucleus as suggested also by Russel (1954). Torvik (1957), 
however, concluded from experiments u t i l i z i ng the Gudden method that 
there j £ an ips i la tera l projection to the thalamus, originating from 
cel ls in the dorsomedial portion of the nucleus. 
b. vestibular inputs 
Primary vestibular afferent f ibers invade only a yery small, 
restr icted region of the ret icular formation, a dorsolateral area near 
the vestibular nuclei (Brodal, 1972). Fibers originating in the 
vestibular nuclei , however, can be seen entering the mam ret icular 
formation in Golgi material (Cajal, 1909 [c i ted by Brodal, 1972J; Lorente 
de No, 1933; Scheibel and Scheibel, 1958). Experimental studies have 
also traced vestibular nucleus projections to the ret icular formation, 
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including the pontine portion (Szentogothai, 1943 [cited by Brodal et 
al., 1962]; Ladpli and Brodal, 1968). The study by Ladpli and Brodal 
(1968) indicates that probably all of the vestibular nuclei project to 
R.p.c. bilaterally. 
Peterson and Abzug (1975) studied the vestibuloreticular projection 
electrophysiological ly. They reported that at least half of the medial 
pontine reticular units in the cat are monosynaptically excited or 
inhibited by vestibular nucleus neurons. However, they conclude that in 
contrast to vestibular nucleus neurons projecting to the cord or to 
ocular motor nuclei, those innervating the medial reticular formation for 
the most part do not receive primary vestibular afferent input. In fact, 
some of the vestibuloreticular neurons could not be activated at all by 
stimulation of the ipsilateral vestibular nerve. 
c. superior colliculus 
Pontine reticular afferent fibers from the superior colliculus have 
been traced histologically (Papez and Freeman, 1930; Pearce (1956) 
[reported by Jefferson, 1958]; Kawamura et al., 1974; Kawamura and 
Hashikawa, 1978; Edwards and Henkel, 1978; Edwards, 1980) and have also 
been demonstrated electrophysiologically (Peterson et al., 1974; 1976; 
Precht et al., 1974; Grantyn and Grantyn, 1976; Raybourn and Keller, 
1977; Kubo et al., 1978). The projection to medial R.p.c. is 
predominantly crossed. [That Kubo et al. (1978) recorded more 
ipsilaterally activated units than contralaterally activated units in the 
cat is probably due to the fact that most of their recording sites were 
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in R.p.o. and were more than 1 mm lateral to the midline. The 
stimulation point is also c r i t i c a l , as Peterson et a l . (1974) activated 
pontomedullary ret icular neurons ips i la tera l ly by stimulation of 
la tera l ly situated subtectal elements.] Most of the above authors 
suggested that tectoret icular projections are involved in orienting head 
and eye movements. The evidence for a col l icu lar role in orienting is 
extensive (Ingle, 1973; see also Sirkin et a l . , 1980b). The l ikel ihood 
of a tectoreticulospinal path being important for orienting movements of 
the head was suggested by Kawamura et a l . (1974), who noted that the 
tectoret icular projections overlap extensively with cort icoret icular 
projections and match quite well with the distr ibut ion of ret icular cel ls 
projecting to the cord, by Peterson et a l . (1974), who found that 
reticulospinal neurons did not habituate to tectal stimulation, 
indicating that the re t icu lar neuron is a reliable relay of descending 
information; and by Anderson et a l . (1971), who concluded that 
tectoreticulospinal paths have a much greater influence on neck muscle 
motoneurons than do direct tectospinal f ibers. 
The in fer ior col l iculus appears not to project to the pontine 
ret icular formation, yet i t does send f ibers to the deep layers of the 
superior col l iculus and to the midbrain ret icular formation (Powell and 
Hatton, 1969) both of which in turn send fibers to the PRF. 
d. superior ol ive 
Papez (1926) described a projection extending dorsally from the 
superior ol ive to the genu fac ia l is and lateral to the abducens nucleus. 
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A similar "olivary peduncle" has been observed by other workers (c.f. 
Stotler, 1953). Stotler, (1953) did not observe such a projection in his 
silver impregnated material, but he concluded that the preolivary nuclei 
may project to the reticular formation, since some cells in these nuclei 
are unaffected by lateral lemniscus or inferior colliculus lesions 
(modified Gudden technique). 
e. neuronal responses to sensory stimuli: correlates of 
inputs from sensory structures 
Responses to cutaneous stimuli have been recorded in the reticular 
formation by a number of workers (Groves et al., 1973; Hobson et al., 
1974b; Eccles et al., 1975, 1976; Siegel and McGinty, 1977; c.f. studies 
cited by these authors and by Pompeiano, 1973; Siegel, 1979a). Eccles et 
al. (1975) concluded that responses to cutaneous stimulation or to 
electrical excitation of limb nerves of reticulospinal neurons in the 
medial medullary and caudal pontine reticular formation of the cat 
(Eccles et al., 1976) are mediated by direct spinoreticular connections 
as well as by pathways going through the cerebellum and influencing 
reticular cells via the fastigioreticular fibers (see following item in 
this section). While both excitation and suppression of neuronal 
activity could be evoked by nerve stimulation, the authors reported that 
suppression of firing rates is rarely seen in response to cutaneous 
stimuli. Groves et al. (1973) found that about 30% of the reticular 
neurons at pontine levels in the rat responded to tactile stimulation. 
They did not have data from the most medial portions. 
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Pontine ret icular neurons have been observed to respond to stat ic 
t i l t (tonic vestibular stimulation)(Spyer et a l . , 1974), to angular 
acceleration (kinetic vestibular stimulation)(Kubo et a l . , 1978), and to 
passive movement or position of the head (combined vestibular-neck 
proprioceptive stimulation)(Duensing and Schaefer, 1960; Siegel and 
McGinty, 1977; Vertes, 1979). Neuronal responses to electr ical 
stimulation of the labyrinth (Peterson et a l . , 1976, Kubo et a l . , 1978) 
have also been recorded. 
Hobson et a l . (1974b) found 10/12 or 11/12 neurons in the pontine 
gigantocellular region to change their f i r i ng rate in response to a l i gh t 
flash depending on whether the cat was awake or in desynchromzed sleep. 
Other attempts to record visual responses in pontine ret icular neurons 
have met with fai lure (Groves et a l . , 1973; Siegel and McGinty, 1977) or 
have had unreported outcomes (Kubo et a l . , 1978). In a l l cases the 
stimulus was a flash of l i gh t , diffuse or presented in front of the 
animal's head. In view of the large input from the superior col l iculus 
(see above) and the l ikel ihood of medial ret icular neurons being 
involved in orienting movements of the head and eyes (see next section, 
and also experiment I I I of th is proposal), a discrete stimulus in the 
lateral visual f ie ld might have been more effective in activating pontine 
ret icular neurons. The changes in discharge rate observed by Hobson et 
a l . (1974b) were noted from quantitative measures. I t is conceivable 
that changes of a similar magnitude could have been missed in the other 
studies. Kubo et a l . , (1978) were able to activate PRF neurons by 
e lect r ica l ly stimulating the optic chiasm in rabbits. 
Groves et a l . , (1973) reported no auditory responses in the small 
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sample of pontine reticular units recorded in the rat. All units were at 
least 1 mm from the midline. Hobson et al. (1974b) reported that 10/12 
neurons in the cat pontine gigantocellular region showed a change in 
discharge rate in response to a click delivered from a speaker. Siegel 
and McGinty (1977) found handclap responses in cat pontine reticular 
units, and recently Sirkin and Siegel (unpublished) recorded some with 
very short latencies (4 msec). 
Kubo et al. (1978) looked for convergence of responses to optic chiasm 
stimulation and horizontal angular acceleration. They reported that 
between 25 and 30% of units responding to chiasm stimulation also 
responded to rotation and vice versa. Their sample was primarily from 
nucleus reticularis pontis oralis (P.p.o) and rostral portions of R.p.c. 
in the rabbit. In the cat, Peterson et al. (1974) noted that in a small 
sample of pontomedullary reticular units, the convergence of cortical, 
tectal, and cutaneous inputs followed no pattern with regard to 
topography, or whether or not the reticular cells projected to the cord. 
Peterson et al. (1976) have looked at habituation to repeated stimuli 
in pontomedullary reticular cells. They found that reticular cells 
habituated to cutaneous stimuli or to electrical stimulation of the 
labyrinth, but not significantly to electrical stimulation of the cortex, 
superior colliculus, or spinal cord. Peterson et al. (unpublished work 
cited in 1976) also observed habituation in spinoreticular neurons and 
vestibuloreticular neurons, suggesting that in vestibular and 
somatosensory pathways to the reticular formation, habituation occurs in 
the spinal cord (and trigeminal nuclei?) and vestibular nuclei, rather 
than m the reticular formation itself. Kubo et al. (1978) also observed 
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attenuation of reticular neuronal responses to repeated electrical 
stimulation of the labyrinth, but not the optic chiasm or superior 
colliculus. 
f. inputs from the cerebellum 
Thomas et al. (1956) and Walberg et al. (1962) traced projections from 
the fastigial nucleus to the medial reticular formation in the cat. 
According to Walberg et al., the strongest projections are to N.r.t. and 
R.gc, the projections to R.p.o and R.p.c. being more modest. Using 
silver methods after damaging the fastigial nucleus on one side, they 
observed degenerating fibers and terminals on both sides, with the 
contralateral degeneration being heavier. They suggested that the 
ipsilateral degeneration was entirely due to interruption of hook bundle 
fibers originating in the contralateral fastigial nucleus, in contrast to 
the fastigiovestibular projection, which clearly includes an uncrossed 
component due to fibers passing medial to the restiform body. 
Eccles et al. (1975), however, on the basis of electrophysiological 
mapping techniques, concluded that homolateral fastigioreticular 
projections do exist. They found medial reticular neurons that were 
activated monosynaptically from either fastigial nucleus, but with 
apparently different synaptic actions. They reported that about 60% of 
medial reticular neurons were monosynaptically excited from the fastigial 
nuclei, with the crossed excitation being the most frequently observed. 
The reticular units examined were for the most part in the medulla 
(R.gc), but a number of R.p.c. neurons with fastigial inputs were also 
34 
recorded (Eccles et a l . , 1976). 
The ret icular formation also receives fibers from the dentate nucleus 
(Bantli and Bloedel, 1975) and probably the interpositus nucleus (Brodal 
and Szikla, 1972) via the descending limb of the brachium conjunctivum. 
This tract is the major source of inputs to N.r . t . (brodal and Szikla, 
1972), but some of the fibers continue into lower parts of the pons and 
medulla, at pontine levels taking a position lateral to the medial 
longitudinal bundle, and just dorsal to the trapezoid body (Verhaart, 
1964). Recently, i t was found that almost a l l reticulospinal neurons in 
a zone roughly corresponding to R.p.c. in the cat were monosynaptically 
activated by stimulation in the dentate nucleus (Bantli and Bloedel, 
1975; Tolbert et a l . , 1980). Conversely, most of the ret icular neurons 
receiving an input from the dentate could be antidromically activated 
from the cord (Bantli and Bloedel, 1975). 
I t thus appears l ike ly that al l the deep cerebellar nuclei project to 
R.p.c On the other hand, there is no evidence for any direct cerebellar 
cortical projections (Purkinje cell axons) to any nuclei outside the 
cerebellum, with the exception of the vestibular nuclei (Brodal, 1957). 
g. inputs from monoamine systems 
The medial pontine ret icular formation has a relat ively low density of 
norepinephrine- and serotonin-containing nerve terminals, while 
containing very few, i f any, dopamine- or epinephrine-contaimng 
terminals (Levitt and Moore, 1979; Moore, 1980). Histochemical (Fuxe, 
1965; Palkovits and Jacobowitz, 1974; Swanson and Hartman, 1975, Levitt 
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and Moore, 1979) and biochemical (Levitt and Moore, 1979) data are in 
agreement concerning a fa i r l y weak, scattered distr ibut ion of 
norepinephrme-containing terminals in R .p .c , with a s l igh t ly higher 
density of such terminals in nucleus raphe magnus (raphe nucleus in 
ventrocaudal pons--Taber et a l . , 1960) (Fuxe, 1965) and possibly in the 
ret icular formation very close to the midline, rostral to the abducens 
nucleus (Swanson and Hartman, 1975). 
The pontine ret icular formation appears to receive i t s noradrenergic 
input primarily from brainstem cell groups other than the locus coeruleus 
(Levitt and Moore, 1979) despite the close proximity of the locus to the 
PRF. These cel l groups are located in the lateral ret icular nucleus of 
the caudal medulla (Al) , the dorsal vagal complex (A2), the ventrolateral 
portion of the ret icular formation at the pontomedullary junction (A5) 
and the nucleus subcoeruleus (A7). From fluorescence histochemistry 
using the glyoxylic acid method, wMch permits visualization of axons, 
Lindvall and Bjorklund (1974) have assigned to these cell groups the 
cells of origin of an ascending noradrenergic bundle, often called the 
ventral tegmental bundle, that runs in the central tegmental t ract of the 
pons and mesencephalon. (These authors were somewhat tentative about the 
contribution of A2. They also suggested that A4, located just lateral to 
the fourth ventr ic le, might possibly contribute fibers to the ventral 
tegmental bundle. The locus i t s e l f contributes a small number of fibers 
to this bundle.) At caudal pontine levels these fibers emerge from the 
ventromedial aspect of the descending limb of the facial nerve to assume 
a position d i rec t ly , but not immediately, below the locus coeruleus 
(Ungerstedt, 1971; Lindvall and Bjorklund, 1974). (The fibers from A5 
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jo in the bundle by ascending in close apposition to the descending facial 
nerve fibers—Lindvall and Bjorklund, 1974.) The situation of the fibers 
at the level of the locus coeruleus and the masticator nucleus is shown 
most clearly in a coronal diagram by Ungerstedt (1971). They are roughly 
even with the masticator nucleus in the dorsoventral dimension, and 
la tera l ly they occupy a zone between about 1 mm and 1.5 mm from the 
midline. Thus, they do not course through the most medial portion of 
R .p .c , which is l ike ly to be the most important region for eye and head 
movements, but they are certainly damaged, i f not to ta l l y interrupted, by 
most of the PRF lesions in the study by Sirkin et a l . (1980b). In the 
study by Jones et a l . (1978), PRF lesions in the cat placed to interrupt 
the ventral tegmental bundle caused a 75% depletion of hypothalamic 
norepinephrine. The large number of f ibers from the nucleus subcoeruleus 
and the smaller number from the locus coeruleus that contribute to the 
ventral tegmental noradrenergic bundle jo in the fibers from lower levels 
at about the rostral border of R.p.c The lesions of Sirkin et a l . 
(1980b) were probably ventral to the bulk of these fibers arising from 
the coeruleus region. 
Descending noradrenergic fibers from the locus coeruleus and possibly 
from subcoeruleus (Sachs et a l . , 1973, Lindvall and Bjorklund, 1974; but 
see Tohyama et a l . , 1974) have not been described in as much detail as 
the ascending pathways from this region (Ungerstedt, 1971; Sachs et a l . , 
1973; Lindvall and Bjorklund, 1974; Pickel et a l . , 1974, Tohyama et a l . , 
1974). From the caudal end of the locus, noradrenergic fibers f i r s t run 
s l ight ly ventrally and then turn caudally to course under and through the 
descending limb of the facial nerve, s l ight ly ventrolateral to the genu 
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(Lindvall and Bjorklund (1974). [From this point down they appear to be 
closely associated with the ascending noradrenergic fibers from the 
medulla (Lindvall and Bjorklund, 1974). With direct histochemical 
methods, the fibers have been traced to the level of the solitary tract 
(Sachs et al., 1973; Lindvall and Bjorklund, 1974), but a projection to 
the cord from locus coeruleus has been demonstrated with other methods 
(see Discussion in Chapter II).] Thus it appears that the descending 
fibers from the locus run through a small dorsolateral portion of R.p.c. 
at caudal levels. They may be damaged by some of the lesions of Sirkin 
et al. (1980b). In summary, then, ascending noradrenergic fibers from 
the medulla and ventrolateral pontine tegmentum (A5) course through a 
central to lateral portion of R.p.c and supply it sparsely with 
terminals, whereas axons of locus coeruleus and subcoeruleus for the most 
part ascend or descend directly to other levels of the neuraxis. 
Fluorescence histochemistry shows scattered serotomn-contaimng 
terminals in R.p.c. (Fuxe, 1965), which correlates well with the fairly 
low levels of serotonin (5ng/mg of protein, which is fairly low compared 
to other parts of the brainstem, though not as low as some) measured by 
biochemical assay (Palkovits et al., 1974). The serotonergic innervation 
of the brainstem reticular formation is primarily from the pontine and 
medullary raphe nuclei, rather than from the mesencephalic serotonin 
systems (Moore, 1980). 
These anatomical data are correlated with electrophysiological and 
behavioral responses to stimulation of the raphe nuclei at pontine levels 
(raphe magnus and raphe pontis). Wolstencroft (1980) found that 
responses of caudal pontine reticular neurons to tooth pulp stimulation 
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were depressed by concurrent stimulation in raphe magnus in the cat. 
Keller (1974, 1980) found that stimulation of a portion of raphe pontis 
in the monkey caused a complete suppression of saccadic eye movements. 
The activation of "pause cells" was presumed to have mediated this effect 
(Keller, 1974), and Keller (1977) suggested that these may be 
serotonergic. In his model (Keller, 1980), he proposed that the pause 
cells inhibit pontine reticular premotor saccadic burst neurons. 
Supporting this model, Nakao et al. (1980a) have reported already that 
pause neurons in raphe pontis in the cat monosynaptically inhibit burst 
inhibitory neurons located just caudal to the abducens nucleus (Hikosaka 
and Kawakami, 1977). 
h. inputs from the midbrain reticular formation (MRF) 
According to Edwards (1975), the midbrain reticular formation (MKFJ 
has both a crossed and an uncrossed projection to the pontine reticular 
formation. The crossed pathway also innervates strongly the nucleus 
raphe magnus. In R.p.c. the terminations are about equally great in 
number on each side (and not as dense as in raphe magnus or N.r.t.). 
They are concentrated in the ventral portion of the nucleus, but in view 
of the long descending dendrites of reticular neurons (see above, item 
1), this should not prevent them from affecting neurons in dorsal 
portions of the nucleus. Similar projections have recently been reported 
in the monkey (Cohen et al., 1981), and have been implicated in eye 
movement control. Supporting these two studies that utilized anterograde 
tracing techniques, Kawamura and Hashikawa (1978) reported labeled 
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neurons in MRF and in mesencephalic central gray after HRP injection in 
medial PRF. 
l . substantia nigra pars ret iculata 
In a recent study using retrograde transport of HRP, Hopkins and 
Niessen (1976) reported a projection to both the lateral and medial 
pontine tegmentum, mostly ips i la tera l ly from the substantia nigra, pars 
ret iculata, in ra t , cat, and monkey. 
j . cerebral cortex 
Descriptions of pyramidal t ract f ibers associating with ret icular 
neurons and the i r dendrites as seen in Golgi material, have been 
summarized above (Item 1). Corticoreticular projections have also been 
studied with si lver methods in the rat (Valverde, 1962), cat (Rossi and 
Brodal, 1956; Kuypers, 1958a), monkey (Kuypers, 1958c, I960), chimpanzee 
(Kuypers, 1958c), and man (Kuypers, 1958b). 
Valverde (1962) in the rat found that the most degenerating terminals 
in R.p.c. were found after ablation of "motor cortex" in comparison to 
lesions of "sensory" or "visual" cortex, which led to degenerating 
terminals concentrated more oral ly and la tera l ly respectively. [.From 
comparing his results with those of Rossi and Brodal (1956) and Kuypers 
(1958a), Valverde fe l t that " i t is clear that the number of f ibers 
degenerating in the ret icular formation as a consequence of cort ical 
lesions is rather less in the albino rat than in the cat . " ] Rossi and 
Brodal (1956) similarly found that fronto-panetal "motor area" lesions 
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in the cat led to more terminal degeneration in the pontine and medullary 
reticular formation than lesions of temporal or occipital cortex. 
Kuypers (1958a), however, distinguished a "premotor" area in the cat to 
which he ascribed the origin of the largest portion of corticofugal 
fibers innervating the medial reticular formation. Similarly, in the 
monkey (Kuypers, 1960), he found that a zone immediately anterior to 
precentral cortex gave rise to the most fibers innervating the pontine 
and medullary reticular formation, whereas descending fibers originating 
in precentral cortex terminated primarily in cranial nerve motor nuclei, 
the region of the dorsal column nuclei, and the spinal cord. 
The corticoreticular projections are bilateral. However, Valverde 
(1962), noted that in the rat the frontal cortex projections to R.p.c. 
are greater on the contralateral side, and that caudal portions of the 
nucleus receive no such projections ipsilaterally at all. In the cat, 
Kuypers (1958a) found slightly more corticoreticular terminations 
ipsilaterally at the level of the masticator nucleus, and slightly more 
contralaterally at the level of the abducens. Rossi and Brodal (iy56), 
found very few corticoreticular terminations in caudal portions of R.p.c 
bilaterally, which is thus in contrast to the case in the rat. 
An important difference between the corticofugal fibers of primates on 
the one hand and the cat and rat on the other, is that in primates there 
are terminations in the fifth, seventh and twelfth cranial nerve motor 
nuclei (Kuypers 1958b; c; 1960), whereas in the cat (Kuypers, 1958a) and 
the rat (Valverde, 1962), these projections could not be demonstrated 
(see also Cajal, 1909 and Walberg, 1957 [cited by Valverde, 1962]). 
Reticular neurons apparently provide the main link between cortex and 
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these nuclei in lower mammals, and between cortex and ocular motor nuclei 
in a l l mammals, including primates (although the rostral portion of the 
oculomotor nucleus in the monkey receives some cort ical afferents 
[Leichnetz, 1980]). 
In a recent study, Leichnetz (1980), u t i l i z i ng anterograde transport 
of HRP, found that the prefrontal origins of cort icoret icular f ibers 
innervating the medial pontine ret icular formation in the monkey included 
the principle sulcus and the frontal eye f ie lds . These results are in 
conf l ic t with the autoradiographic study of Kunzle and Akert (1977), 
which revealed no signi f icant label in the medial PRF except in the 
nucleus ret icu lar is tegmenti pontis ( N . r . t . ) . 
Peterson et a l . (1974; 1976) recorded responses of medial pontine and 
medullary ret icular neurons to electr ical stimulation of the cortex in 
the cat. Responses were recorded in both reticulospinal and 
non-reticulospmal neurons (Peterson et a l . , 1974), and the responses did 
not habituate (Peterson et a l . , 1976), which, the authors suggested, 
indicates that ret icular neurons could serve as rel iable relays of motor 
commands. 
3. Projections from the medial pontine ret icular formation. 
a. ascending projections 
The origins of ascending ret icu lar f ibers have been demonstrated by 
the modified Gudden technique in the k i t ten (Brodal and Rossi, 1955; 
[c i ted and] reviewed in Brodal, 1957; Rossi and Zanchetti, 1957). After 
large diencephalic or mesencephalic lesions, the cel l reaction was 
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observed in the lower brainstem concentrated in two zones. The rostral 
concentration zone was around the level of the abducens ( i . e . rostral 
R.gc. and caudal R.p.c.) and occupied the medial 2/3 of the ret icular 
formation. [Shute and Lewis (1976) reported an ascending cholinergic 
projection from N.r . t . The lack of cel l reactions in this nucleus after 
upper brainstem lesions (Brodal and Rossi, 1955) might be explained i f i t 
is postulated that the ascending axons have sustaining col laterals 
projecting to the cerebellum.] 
Ascending axons from the pontine ret icular formation have appeared to 
course through two different pathways (Busch, 1961; Buttner-Ennever, 
1977). One pathway was a diffuse f iber system dispersed in the medial 
brainstem (central tegmental t rac t , CTT), and the other was a more 
compact bundle lying just ventral to the ascending medial longitudinal 
bundle (fasciculus medialis longitudinal i s , FLM). The la t ter pathway in 
the monkey appeared to contain thicker f ibers (Buttner-Ennever, 1977). 
In the cat, Remmel et a l . (1978) antidromically activated neurons in 
R.p.c. ventral and rostral to the abducens from the v ic in i ty of the 
ipsi lateral ascending FLM. In one monkey, Buttner-Ennever and Henn 
(1976) reported that though the ascending pathways are predominantly 
homolateral, there was a small but signif icant crossed projection to most 
of the same sites innervated by the uncrossed f ibers. The fibers that 
crossed appeared to do so in the rostral PRF for the most part. 
The termination zones of ascending fibers from the medial PRF have 
been indicated by autoradiographic studies in monkey (Buttner-fcnnever and 
Henn, 1976; Buttner-Ennever, 1977), cat (Uraybiel, 1977), and rat (Jones, 
1980; Yang and Jones, 1981). In the monkey, Buttner-Ennever (1977) noted 
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that the fibers running in the CTT projected to the caudal midbrain 
ret icular formation and the pretectum. The fibers running ventral to the 
FLM skirted the ventrolateral border of the oculomotor complex, and 
appeared to have terminations in a nucleus designated as the rostral 
i n te rs t i t i a l nucleus of the FLM, which l ies just rostral to the 
i n te r s t i t i a l nucleus of Cajal and mostly rostral to the 
habenul01nterpeduncular t rac t . Other structures labeled (Buttner-Ennever 
and Henn, 1976) were the periaqueductal grey, some of the intralaminar 
nuclei of the thalamus, the zona incerta, the f ields of Forel, the 
hypothalamus, the mamillary body, and some f ibers joined the ipsi lateral 
s t r ia terminalis. Not mentioned in the tex t , but quite dist inct in a 
diagram, was label in the interpeduncular nucleus and the ipsi lateral 
substantia nigra. 
In the cat, Graybiel (1977) noted projections from the medial pontine 
ret icular formation to the midbrain ret icular formation and to the pars 
compacta of the substantia nigra. 
In the ra t , Jones (1980) and Yang and Jones (1981) reported that 
ascending projections labeled from t n t i a t e d amino acid injections 
1 united to the caudal pontine ret icular were very sparse compared to 
those including the rostral PRF or mesencephalic ret icular formation. 
b. commissural projections 
Reticular commissural f ibers appear to connect ret icular cell groups 
with the identical groups on the other side of the midline (Petras, 1967; 
Walberg, 1974). 
44 
c. projections to the vestibular nuclei 
Reticulovestibular f ibers have been traced in anterograde (Hoddevik et 
a l . , 1975; Buttner-Ennever and Henn, 1976; Graybiel, 1977) and retrograde 
(Pompeiano et a l . , 1978; reviewed in Pompeiano, 1980) tracing 
experiments. Of special interest is the projections from the medial PRF 
to the ipsi lateral medial vestibular nucleus (Pompeiano et a l . , 1978; 
Pompeiano 1980; see below, Section C2). [ In contrast to the results 
obtained with s i lver methods (Hoddevik et a l . , 1975) only very sparse 
labeling of these projections are usually observed with the 
autoradiographic anterograde tracing method (Hoddevik et a l . , 1975; 
Graybiel, 1977; Sirkin and Feng, in preparation).] 
d. projections to motor nuclei of cranial nerves 
Projections from the PRF to the abducens nucleus w i l l be discussed in 
a later section (Section CI). 
Medial PRF lesions caused degeneration b i la tera l ly in the masticator 
and facial nuclei (Holstege and Kuypers, 1977), but only sl ight labeling 
ips i la tera l ly or b i la tera l ly in the dorsomedial part of the facial 
nucleus could be seen after amino acid injections in the medial PRF 
(Holstege et a l . , 1977). The facial and masticator nuclei are innervated 
b i la tera l ly by neurons in lateral portions of the PRF (Holstege et a l . , 
1977). 
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e. projections to the cerebellum 
A projection to the cerebellum from very medial portions of the dorsal 
PRF around the R.p.c-R.p.o. junction has been demonstrated anatomically 
(Brodal et a l . , 1960; Buttner-Ennever and Henn, 1976; Kotchabakdi et a l . , 
1979; S i rk in , in preparation). Nakao et a l . (1980b) recently 
demonstrated a projection to the flocculus from eye movement-related 
burst neurons in this region using electrophysiological methods. 
f. projections to the medullary ret icular formation 
A pathway from the dorsolateral PRF to the ventral part of R.g.c in 
the medullary ret icular formation wi l l be discussed later (item 6 . e n ) . 
The medullary ret icular formation is also undoubtedly served by fibers 
onginationg in the PRF and running in the reticulospinal t racts. 
g. projections to the spinal cord 
Reticulospinal projections w i l l be discussed later , in the 
introduction to Chapter I I . 
4. Neurotransmitters. 
Palkovits and Jacobowitz (1974) found some 
acetylcholinesterase-contaimng neurons in R.p.c. and other portions of 
the medial ret icular formation in the rat. While acetylcholinesterase is 
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not a truly specific marker, in most cases it indicates that the cells 
containing it are cholinergic, as demonstrated by studies showing good 
correlations between results obtained from acetylcholinesterase 
histochemistry and assays for a specific marker, choline 
acetyltransferase (Hoover and Jacobowitz, 1979). Recently, Sakai and 
Coworkers (Sakai, 1980) performed acetylcholinesterase as well as choline 
acetyltransferase histochemistry in the cat, and in both cases found 
numerous labeled cells in R.p.c and R.p.o. 
5. Facilitatory and inhibitory effects on spinal motor activity. 
The facilitatory effect of stimulation of a brainstem region, 
delimited first by Rhines and Magoun (1946), on spinal reflexes and on 
movements elicited by stimulation of higher centers or pathways has been 
reviewed by Magoun (1950, 1963), Lmdsley (1952), Rossi and Zanchetti 
(1957), and Peterson (1979;1980). From most accounts, the facilitatory 
region would appear to include R.p.c at its caudal extremity, yet the 
published topographical data is rather sketchy and diagrammatic Rhines 
and Magoun (1946) studied a small number of cats and monkeys, and tneir 
data on pontine stimulation comes from the monkey only and is summarized 
on a diagram that projects all stimulation points onto a rmdsaggital 
plane. (They did not study the pontine region in the cat because of the 
obstacle presented by the bony tentorium.) From this diagram, it appears 
that the facilitatory region in the caudal pons is limited to the ventral 
portion of the tegmentum. Magoun and Rhines (1946) show a diagram of a 
coronal plane at the oral end of the medulla immediately caudal to R.p.c. 
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in the cat. At this level, the patellar reflex is facilitated by 
stimulation of a dorsomedial point and at points in the ventrolateral 
reticular formation, whereas the ventromedial portion of the brainstem at 
this level is inhibitory. In unanesthetized decerebrate cats, Sprague et 
al. (1948) found that suppression of stretch reflexes could be elicited 
from stimulation as far rostral as the level of the trapezoid body 
(R.p.c). 
Peterson and coworkers (reviewed in Peterson, 1979; 1980) have 
recorded motoneuronal responses to medial brainstem stimulation. The 
medial pontine and medullary ret icu lar formation can be divided into f ive 
zones according to the pattern of monosynaptic potentials recorded in 
spinal motoneurons (Peterson, 1980). R.p.c. coincides with the rostral 
portion of zone 1 , from which motoneurons innervating muscles a l l over 
the body ips i la te ra l l y are monosynaptically excited. 
The maps with the most information about d ist r ibut ion of fac i l i ta to ry 
and inhibitory regions in coronal planes at pontine levels are those 
culminating from the work of Mori and his associates (1977;1978,1980) and 
presented in Mori et a l . (1978;1980). These authors observed inhibi tory 
and fac i l i ta tory effects on extensor tonus in decerebrate cats, as well 
as corresponding inhib i t ion or f ac i l i t a t i on of midbram-induced 
locomotion. A pontine locomotor region was ident i f ied in the lateral 
tegmentum, and was part of a column in the lateral brainstem running from 
the diencephalon to the spinal cord from which locomotion could be 
e l ic i ted in decerebrate animals (Mori et a l . , 1977; 1980--see below, 
section B . 7 . c ) . The ventromedial portion of the pontine tegmentum is 
also fac i l i ta to ry (Mori et a l . , 1978; 1980). A narrow dorsal column 
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around the midline in the pons is inhibitory (Mori et a l . , 
1977;1978;1980), but just caudal to the abducens (or in the abducens 
region), a fac i l i ta to ry effect could be e l ic i ted from a dorsal paramedial 
point (Mori et a l . , 1978) in concurrence with Magoun and Rhines (1946) as 
mentioned above. 
Lmdsley (1952) has cited evidence indicating that the effects of the 
fac i l i ta tory region are more related to phasic movements than to tonic 
postural extensor tonus, the la t te r apparently being mediated more by the 
lateral vestibular nucleus (see also Brodal et a l . , 1962; Pompeiano, 
1975). Furthermore, the pontine and medullary portions of the 
fac i l i ta tory region are more responsible for the hyperreflexia and clonus 
of spasticity resulting from forebram and cerebellar lesions than are 
more rostral fac i l i ta tory areas, since only lesions in the caudal areas 
can par t ia l ly abolish these symptoms (Schreiner et a l . , 1949 [ci ted by 
Lmdlsey, 1952]). 
6. Influence on EEG and Behavioral State. 
The l i terature on ret icular involvement in maintenance of behavioral 
states is vast. Since my proposed research has l i t t l e to do with this 
aspect of ret icular formation physiology, I or ig inal ly intended to write 
only a few short paragraphs summarizing the evidence for medial caudal 
pontine involvement in these functions. However, behavioral state is a 
parameter of the whole organism, and proposed mechanisms implicating the 
pontine ret icular formation in behavioral state control , which are at 
present the subject of a great deal of controversy among workers in the 
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f i e l d , involve interconnections between different regions in the pontine 
and mesencephalic tegmentum, and between these regions and other portions 
of the central nervous system. Therefore, in order to give the reader a 
broader perspective, I present here a somewhat more inclusive survey of 
research on brainstem mechanisms in behavioral state control. I have 
attempted to organize the existing data I have surveyed into as coherent 
a summary as possible, but a lo t of riddles and loose ends are evident in 
this active area of research. In keeping with my original intent , I have 
paid special attention to topographical detail in data pertaining to 
functions of the pontine tegmentum. I t is now fa i r l y apparent that th is 
portion of the brainstem is involved in behavioral state control and also 
motor control (see next section on pontine ret icular formation 
involvement in eye and head movement control) . Occasionally, a linkage 
between these two types of functions has been suggested. For example, in 
one of the early papers on eye-movement relations of pontine ret icular 
formation neurons, Duensing and Schaefer (1957a) suggested that units in 
the rabbit PRF that were "loosely coupled" to nystagmic eye movements 
might be involved in the ret icular activating system. A recent study 
session (Hobson and Scheibel, 1980) was devoted to examining the two 
different classes of functions of the ret icular formation. I t is not 
clear at present to what extent the processes underlying these functions 
go on "side by side", i .e . using neighboring, but separate neural 
elements, and to what extent the same neural elements participate in both 
kinds of functions. This w i l l be one of the issues touched upon in this 
survey. 
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a. activation (waking) 
Probably no piece of work has generated more interest in the ret icular 
formation than the discovery by Moruzzi and Magoun (1949) that electr ical 
stimulation of the ret icular core of the brainstem produces an arousal 
response (desynchromzation) in the cortical electroencephalogram (EEG). 
I t provided the impetus for many subsequent anatomical and physiological 
investigations (see, for example, the Golgi studies summarized above, 
item Bl) . The concept of the ascending ret icular activating system 
(ARAS), was celebrated to such a degree, that even today, in courses in 
general biology or psychology, or in health-related f ie lds , in which a 
cursory description of the nervous system is presented, the student is 
l e f t with the impression that "the ret icular formation" and "the 
activating system" are one and the same. Of course, there was never a 
time when anatomists and physiologists studying the ret icular formation 
considered activation to be i t s sole function, and, as Jouvet (1967) has 
emphasized, lesion and transection experiments have indicated that caudal 
pontine and medullary portions of the ret icular formation are not 
essential for producing the waking state in the cerebral cortex. 
The ascending ret icular activating system has been discussed in 
numerous reviews (e.g. Magoun, 1950; Rossi and Zanchetti, 1957; Magoun, 
1958; 1963; Jouvet, 1967; 1972; Moruzzi, 1972). In Moruzzi and Magoun's 
(1949) original paper, the activating system is indicated in a diagram as 
a continuous zone throughout the longitudinal extent of the cat 
brainstem. In the tex t , however, there is no mention of stimulation in 
pontine regions. The boundaries of the effective ret icular zones are 
51 
indicated in transverse planes at medullary, mesencephalic, and 
diencephalic levels (at medullary levels, the zone for ascending 
activating effect was coincident with the zone for descending suppressor 
effect [Magoun and Rhines, 1946]). The pontine reticular formation 
appears to have been skipped over, presumably because the obstacle 
presented by the bony tentorium in the cat had not yet been surmounted at 
the Northwestern laboratory (see above, item B5). In a subsequent study 
in the monkey (French et al., 1952) the region explored extended caudally 
not beyond halfway through the pontine tegmentum. The recent experiments 
of Robinson and Vanderwolf (1978) in the rat demonstrate, however, that 
electrical stimulation of the pontine reticular formation can have 
activating effects on field potentials recorded both in cerebral cortex 
and in hippocampus. In fact, among stimulation sites in brainstem 
regions from medulla to diencephalon, those from which activating effects 
could be elicited at the lowest voltage were m medial R.p.c. This does 
not mean of course that this location contains critical activating 
neurons. As noted above (item Bl), gigantocellar field neurons send 
axons towards the midline where they then turn (or bifurcate) to ascend 
and/or descend. Thus a medial stimulation electrode would be in a 
strategic position to excite a large number of ascending axons from the 
gigantocellular field. If it is very medial, it could excite ascending 
axons originating from both sides of the midline. The ascending 
activating effect that hypothetically could arise from physiological 
activity in the pontine gigantocellular field, would most likely occur 
during paradoxical (or desynchromzed) sleep rather than during waking, 
as we will see below. 
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Ident i f icat ion of the minimal portion of the brainstem required for 
waking activation of the cortex has been achieved to some degree by 
transection experiments. Bremer (1935) f i r s t demonstrated that a 
transection near the caudal end of the midbrain in the cat ("cerveau 
isole") results in chronic deactivation (EEG synchrony), whereas a high 
spinal section ("encephale isole") permits the waking state and EEG 
activation to occur (Bremer, 1937 [ci ted in Magoun, 1963J). From these 
results, i t would appear that at least the rostral pons and possibly 
lower portions of the brainstem are necessary for cortical activation. 
Subsequent workers made intermediate transections. Lmdsley et a l . 
(1949) made a section just caudal to the pontine nuclei that had only 
s l igh t , transient synchronizing effects. Rossi and Zirondoli (1955) 
reported that the most caudal transection producing a condition similar 
to Bremer's cerveau isole was rostral to the superior olive ventrally and 
just caudal to the infer ior col l iculus dorsally. This level of 
transection appears to coincide roughly with the level of the most caudal 
hemisection that produced an ips i latera l increase in cortical slow waves 
(Rossi et a l . , 1963). With th is transection, but not with s l ight ly more 
rostral transections, i t was possible to desynchromze the cortex with 
volat i le anesthetics ( f i r s t stage effects). A s l ight ly more caudal 
transection, the so-called "midpontine pretngeminal" section, actually 
causes an increased amount of waking in the cat forebrain (Batim et a l . , 
1959). This transection is just rostral to the superior ol ive and the 
trapezoid body, cuts through the midportion of the N.r. t , and is just 
caudal to the nucleus of the lateral lemniscus. Thus, the caudal 
portions of the R.p.o. and al l portions of the reticular formation 
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posterior to i t are nonessential components of the activating system. I 
chronic preparations, even cerveau isole animals can exhibit waking EEG 
desynchromzation (reviewed in Moruzzi, 1972). There is evidence that 
there exist mechanisms in the basal diencephalon and forbrain capable of 
generating both the sleep (slow wave) and waking states independent of 
input from lower levels of the brainstem, which could account for 
recovery of waking after mesencephalic transections (Moruzzi, 1972). 
Electrolyt ic lesions of ret icular structures that have been reported 
to result in cort ical deactivation (Lmdsley et a l . , 1950; French and 
Magoun, 1952) were in the mesencephalon or diencephalon. 
b. deactivation: slow-wave sleep induction 
Jouvet (1967) has declared that the increased amount of waking 
following the midpontine pretngeminal transection mentioned above 
indicates that sleep-inducing structures must exist in the brainstem 
below the level of the transection. Batim et a l . (1959) point out that 
the existence of such structures is also suggested by the fact that 
trigeminal nerve damage causes EEG synchronization in an encephale isole 
preparation (Roger et a l . , 1956 [c i ted in Batim et a l . , 1959]) even 
though the midpontine pretngeminal transection is anterior to the 
entrance of the sensory trigeminal nerve root lets; i . e . waking exists in 
the midpontine pretngeminal cat forebrain because the loss of the 
desynchronizing trigeminal input is offset (or more than offset) by the 
loss of some lower brainstem synchronizing mechanism. Furthermore, on 
the basis of lesion studies, Reinoso-Suarez and De Andres (1976) have 
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proposed that lateral R.p.c. and rostral R.gc is a source of ascending 
synchronizing influence, and Cordeau et a l . (1963) reported that 
acetylcholine injections into the lower brainstem ret icular formation in 
the cat induced slow wave sleep. 
There is now good reason to believe, however, that no synchronizing 
mechanism as such exists in the lower brainstem. Villablanca (1966) 
found that the slow waves recorded in the pons and caudal mesencephalon 
during slow wave sleep are abolished by mesencephalic transections. 
Supporting the notion that slow waves in the brainstem are caused by 
descending influences is the demonstration by Schlag and Faidherbe (1961 
[ci ted by Vil lablanca, 1966]) that slow waves in caudal portions of the 
ret icular formation can be induced by stimulation in the non-specific 
thalamic nuclei. Furthermore McCarley (1980) has pointed out that unit 
recordings have so far not revealed the existence of any neurons whose 
discharge rates appear to be related to slow wave sleep. He has 
suggested that slow wave sleep occurs when waking mechanisms are slowing 
down and desynchromzed sleep neurons are not yet f u l l y act ive. This 
idea w i l l be expanded upon below. 
c. desynchromzed sleep 
Most recent reviewers agree that the state known as "desynchromzed" 
or "paradoxical" sleep is generated by neural elements located in the 
pontine tegmentum (Jouvet, 1967; 1972; Moruzzi, 1972; Hobson, 1980; 
Hobson and Scheibel, 1980; McCarley, 1980; but see Siegel, 1979b). I 
w i l l f i r s t review the evidence relat ing to the proposition that a portion 
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of the pontine tegmentum plays a c r i t i ca l role in the transit ion to 
paradoxical sleep, and in the maintenance of this state. I w i l l then 
summarize some recent studies implicating discrete regions of the lateral 
pontine tegmentum in the part icular generation of two of the features 
that characterize paradoxical sleep: muscular atonia, and 
pontogemculooccipital (PGO) waves. Finally I w i l l br ie f ly discuss what 
is known concerning brainstem involvement in the generation of the rapid 
eye movements (REM) of paradoxical sleep. 
i ) paradoxical sleep state "generator" 
Early transection and hemisection experiments suggested that the 
c r i t i ca l neural substrate for paradoxical sleep is at the level of the 
pons. Jouvet (1962) reported that prepontme transections abolished the 
forebrain signs of paradoxical sleep (desynchromzed cort ical EEG-- PGO 
act iv i ty was not recorded in these experiments). Paralleling this 
observation, Rossi et a l . (1963) found that EEG desynchromzation in 
paradoxical sleep was abolished ips i la tera l ly for 6-8 days by 
hemisections in the rostral pons or caudal mesencephalon. Caudal to the 
prepontme transection of Jouvet (1962), the paradoxical sleep generator 
appeared to continue to function as evidenced by the occurrences of 
periodic episodes of atonia. This interpretation received support by the 
subsequent experiments of Villablanca (1966) in which transections were 
made in the midbrain, and more parameters were measured. Jouvet (1962) 
also reported that after a transection in the caudal pons ( just rostral 
to the abducens nucleus dorsally, and between the pontine grey and the 
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trapezoid body ventrally) periodic atonia was not observed, but a state 
resembling paradoxical sleep was seen in the forebrain (as Jouvet [1972] 
emphasizes, this state could not be ident i f ied more posit ively as 
paradoxical sleep because of the lack of PGO act iv i ty recordings). From 
these experiments, i t seems l i ke ly that the neural elements responsible 
for the periodic occurrence of the phenomena that constitute paradoxical 
sleep are entirely contained in the pons and caudal mesencephalon. 
A number of studies have reported that paradoxical sleep was abolished 
or reduced ( i . e . fewer hours per day) by pontine tegmental lesions 
(Jouvet, 1962; Camacho-Evangelista and Reinoso-Suarez, 1964 Lcited by 
Reinoso-Suarez and de Andres, 1976]); Carli and Zanchetti, 1965; Roussel 
et a l . , 1976; Jones, 1979). In a l l cases, the effective lesions included 
lateral portions of R.p.c. The medial portion of the pontine ret icular 
formation does not appear to be necessary for paradoxical sleep as Carli 
and Zanchetti (1969) reported that medial damage of R.p.o. and rostral 
R.p.c in the cat extending up to about 1.5 mm lateral on both sides of 
midline did not have a notable effect on sleep. 
Lesions restricted to the locus coeruleus, subcoeruleus and thei r 
immediate surrounds have variously been reported to cause a loss of 
atonia (Jouvet and Delorme, 1965; Mouret and Delorme, 1967; Jones e t . , 
1977), and an increase in PGO waves (Jouvet and Delorme, 1969) or a 
decrease in PGO waves and rapid eye movements (REM) (Jones et a l . , 1977). 
Furthermore, i t is unlikely that noradrenergic neurons of the locus and 
subcoeruleus play a necessary role in sleep, as 6-hydroxydopamine 
(6-OHDA) injections into the locus region had no effect on sleep in the 
rat (Roussel et a l . , 1976). Electrolyt ic lesions in the locus coeruleus 
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caused a transitory loss of paradoxical sleep in the rat (Roussel et a l . , 
1976), but this effect may have been secondary to a thermoregulatory 
disorder, since paradoxical sleep returned coincident with a shif t from 
hypothermia to hyperthermia. The recent work of Szymusiak and 
collaborators (Szymusiak et a l . , 1980; Szymusiak and Satmoff, 1981a; b) 
has indicated that paradoxical sleep is very sensitive to skin 
temperature, and especially so in rats with thermoregulatory def ic i ts 
resulting from lesions (Szymusiak and Satmoff, 1981b). 
The unit recording experiments of Hobson and McCarley and their 
collaborators (Hobson et a l . , 1974a;b; 1975; McCarley and Hobson, 1975; 
Wyzinski et a l . , 1978; reviewed in Hobson, 1980; Hobson and Scheibel, 
1980; McCarley, 1980) have indicated that in head-restrained cats, 
neurons in the gigantocellular tegmental f i e l d including R.p .c , increase 
their discharge rate during paradoxical sleep. Similar increases were 
recorded in relation to episodes of postural atonia induced by esenne, 
an anticholinesterase, in decerebrate cats (Hoshino and Pompeiano, 1976; 
Hoshmo et a l . , 1976; reviewed in Pompeiano, 1980). 
The select iv i ty of gigantocellular tegmental f i e ld neuronal discharge 
during paradoxical sleep has been challenged by Siegel et a l . (1977 -
reviewed in Siegel, 1979a; b), since they found that neurons in this 
region, when recorded in unrestrained, intact cats, f i r e in relation to 
movements during waking. The region most explored in th is study was at 
the level of the abducens nucleus and caudal to i t , whereas the region 
most explored by Hobson et a l . (1974a) was rostral to the abducens. 
However, subsequent recordinsg in unrestrained rats (Vertes, 1979) and 
cats (Sakai, 1980) at more rostral levels have supported the findings of 
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Siegel et a l . (1977) by fa i l ing to discover any gigantocellular tegmental 
f i e ld neurons that did not have a movement-related discharge during 
waking. Sakai (1980), though, did find units that showed a clear 
increase in f i r i n g during paradoxical sleep, and these were located 
mostly at rostal levels (R.p.o). 
As McCarley (1980) has pointed out, the theories that individual 
ret icular units are related to specific movements and that an increase in 
f i r i ng of a large population of such units is involved in the generation 
and maintenance of the paradoxical sleep state are not incompatible. The 
theory that R.p.c. and R.p.o. neurons are involved in paradoxical sleep 
is supported by the lesion experiments mentioned above, by the 
observation that increases in ret icular neuron discharge can precede the 
onset of paradoxical sleep by as much as 4 minutes (Hobson et a l . , 
1974b), and also by stimulation experiments. Fredenckson and Hobson 
(1970 [ci ted by Hobson et a l . , 1974a]) reported that long-term electr ical 
stimulation of the gigantocellular tegmental f i e l d caused an increase in 
REM sleep. In addit ion, injection of the long-lasting cholinergic 
agonist, carbachol, into th is region causes a state resembling 
paradoxical sleep (Amatruda et a l . , 1975 [ci ted by McCarley, 1980]; 
Vivaldi et a l . , 1980). McCarley (1980) has suggested that the activation 
of the forebrain during paradoxical sleep is due to ascending act iv i ty 
from the pontine ret icular formation and recruitment of mesencephalic 
ret icular formation neurons (which are presumabley also cholmergic--see 
Hoover and Jacobowitz, 1979). That the tome activation of the cortex 
and hippocampus during paradoxical sleep is cholinergic is indicated by 
the study of T.E. Robinson et a l . (1977), which reported that atropine 
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sulfate blocked this activation in rats. I t is interesting that phasic 
increases in hippocampal activation coincident with whisker twitches were 
not abolished by atropine sulfate. Urethane ( lg/kg) , on the other hand, 
abolished these phasic increases and the twitches, but not the tonic 
activation. 
Neurons of the locus coeruleus and dorsal raphe nucleus decrease 
f i r i ng during paradoxical sleep (McGinty et a l . , 1973 U i ted by McCarley, 
1980]; Hobson et a l . , 1975; McGinty and Harper, 1976 [ci ted by Morrison, 
1979]; Cespuglio et a l . , 1978; Trulson and Jacobs, 1979) and also during 
episodes of atonia in the decerebrate cat treated with esenne 
(Pompeiano and Hoshino, 1976). As McCarley (1980) has pointed out, the 
decrease, in the intact cat, is much more pronounced in the dorsal raphe 
than in the locus. McCarley and Hobson (1975; c. f . Hobson, 1980; Hobson 
and Scheibel, 1980; McCarley, 1980) have proposed that the cyclic 
occurrence of paradoxical sleep episodes is due to an interaction between 
cholinergic neurons in the gigantocellular tegmental f i e ld and the 
ammergic neurons of the locus coeruleus and dorsal raphe. The 
cholinergic neurons are presumed to excite both themselves and the 
ammergic neurons, and the ammergic neurons are presumed to inh ib i t both 
themselves and the cholinergic neurons. The evidence supporting the 
existence of the necessary connections is reviewed in McCarley 
(1978[cited by McCarley, 1980]). Pompeiano (1980) proposes essentially 
the same model to account for the periodic occurrence of episodes of 
atonia in the anticholinesterase=treated decerebrate cat. McCarley 
(1980) has pointed out that the model correctly predicted that locus and 
dorsal raphe cells would resume high rates of discharge before the end of 
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a paradoxical sleep episode. However, the model has not yet been 
subjected to many rigorous tests. For example, i t is not known whether 
the cyclical reciprocal discharges can persist in an "island" consisting 
of the isolated pons and caudal mesencephalon. However, even i f the 
model should turn out to be incorrect, i t is l i ke ly that the conclusion 
w i l l be that portions of R.p.c. and R.p.o. play a c r i t i ca l role in 
paradoxical sleep generation. 
Before concluding this sub-item, I should point out that Hobson et a l . 
(1974a) found that neurons showing the greatest increase in discharge 
related to paradoxical sleep were located around 1.6-1.9 mm lateral to 
the midline, whereas R.p.c neurons in the cat projecting to the 
abducens nucleus and related to quick eye movements during waking are 
mostly around 1 mm lateral of the midline (see below, section C) in which 
region Hobson et a l . (1974a) found only modest increases in f i r i ng 
related to paradoxical sleep. 
i i ) muscular atoma in paradoxical sleep 
Lesions in the pontine tegmentum can cause a syndrome of paradoxical 
sleep without atonia (reviewed by Morrison, 1979; 1982). Jouvet and 
Delorme (1965) reported that following lesions of the locus coeruleus 
extending ventrally into the subcoeruleus region, a cat may walk around 
in a "hallucinatory" state associated with EEG activation after a period 
of slow wave sleep characterized by abnormally high muscle tonus. 
Subsequently, Henley and Morrison (1974) obtained similar results and 
emphasized that the lesions caused a selective loss of the muscular 
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atonia during paradoxical sleep, and that this syndrome could occur 
without any prior temporary abolition of paradoxical (desynchronized) 
sleep. The observations of Jones et al. (1977) support these 
conclusions. 
In the rat, Roussel et al. (1976) reported that combined lesions of 
the locus and subcoeruleus region caused animals to awake with a start as 
soon as the EEG became activated at the end of a slow wave sleep episode, 
suggesting that they wake themselves up at the onset of paradoxical sleep 
without atonia. Mouret and Delorme (1967) reported that lesions of the 
anterior part of the locus caused paradoxical sleep without atonia, but 
lesions of the entire locus did not. The authors suggested that the 
posterior portion of the locus in the rat facilitates muscle activity. 
Such a facilitatory influence may correspond with the lateral tegmental 
locomotor regions of Mori and coworkers (see above, item 5), which may be 
largely a system of descending noradrenergic fibers from the locus (see 
below, item 7). 
Pompeiano (1980) has reviewed evidence suggesting that the atonia 
episodes in decerebrate cats are due to activation of the bulbar 
inhibitory region of Magoun and Rhines (1946) rather than to deactivation 
of descending facilitatory inputs. The increase in medullary reticular 
formation unit discharge during paradoxical sleep (Netick et al., 1977 
[cited in Morrison, 1979]) may thus be part of the atonia mechanism. 
Pompeiano further suggested that the source of this activation during 
such episodes and also during paradoxical sleep in intact animals is the 
pontine reticular formation. Direct evidence for such a mechanism has 
been presented by Sakai (1980). HRP injections into the ventral part of 
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nucleus ret icu lar is gigantocellulans in the bulbar inhibi tor region 
labeled cells in a small region designated pen- lea, located just ventral 
to the nucleus of the mesencephalic tract of the trigeminal nerve and 
extending from the level of the rostral portion of the masticator nucleus 
( i . e . rostral R.p.c.) rostral ly into the rostral pons (R.p.o.). The 
fibers appear to descend just medial to the masticator nucleus, then 
curve ventral and s l ight ly medial to take up a position dorsomedial to 
the superior olive and the facial nucleus, and then s l ight ly more medial 
to terminate in the ventromedial bulbar ret icular formation dorsal to the 
rostral 2/3 of the infer ior ol ive (Russel, 1955 [ci ted in Sakai, 1980J; 
Sakai et a l . , 1979; Sakai, 1980). Lesions of the source or along the 
course of this pathway cause paradoxical sleep without atoma (Sastre et 
a l . , 1978; Sakai, 1980). Furthermore, unit recordings indicated that 
some neurons in pen-LCa increase thei r f i r i ng rate during paradoxical 
sleep, beginning just before paradoxical sleep onset, and a few of these 
could be antidromical ly acivated from nucleus ret icu lar is magnocellulans 
(Sakai, 1980). 
Hendricks et a l . (1981 [c i ted in Morrison, 1982J) report that the loss 
of atonia in paradoxical sleep can have dif ferent variations or 
elaborations depending on what additonal structures besides Sakai's 
atonia pathway are damaged by the lesions. 
i i i ) PGO waves 
Pontogemculooccipital, or PGO, waves are dist inct ive slow potentials 
that can be recorded from portions of the pons, the lateral geniculate, 
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and occipital cortex in slow wave sleep just prior to paradoxical sleep 
onset, and throughout paradoxical sleep (Jouvet, 1972; Morrison, 1979). 
Convergent lines of evidence have located the pontine center for PGO 
waves in the dorsolateral tegmentum (Jouvet, 1972; Sakai et al., 1976 
[cited in Morrison, 1979]; McCarley et al., 1978; Farber et al., 1980; 
Sakai, 1980; Kaufman and Morrison, 1981). Unit recordings (McCarley et 
al., 1978; Sakai, 1980) have indicated that the pontine neurons 
discharging prior to PGO waves recorded in the lateral geniculate are 
located along the edge of the brachium conjunctivum in the rostral pons 
and caudal mesencephalon, with a few located around the rostral pole of 
the locus coeruleus complex. All units were rostral to the masticator 
nucleus (Sakai, 1980), i.e. rostral to the level of R.p.c. HRP 
injections in the lateral geniculate labeled neurons in the pontine cell 
groups where "PGU-on" units could be recorded (Sakai, 1980). Lesions of 
the region containing these cell groups abolished PGO waves recorded in 
the lateral geniculate (Sakai et al., 1976) [cited in Morrison, 1979J); 
Sakai, 1980). 
It is noteworthy that lesions of the locus coeruleus region that did 
not block PGO waves (Jouvet and Delorme, 1965) spared the parabrachial 
region. In fact, there was an increase in PGO waves following these 
lesions. This observation, when taken together with the report that many 
locus coeruleus neurons are "PGO-off" cells (Sakai, 1980), suggests that 
the locus inhibits PGO wave generation (see also Morrison, 1982, for 
discussion suggesting that PGO waves and locus coeruleus inactivation are 
both related to alerting mechanisms). 
PGO waves frequently occur in close temporal association with the 
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rapid eye movements (REM) of paradoxical sleep, which are usually lateral 
eye movements (Morrison, 1979; McCarley, 1980). McCarley (1980) reported 
that a pontine PGO burst neuron would f i re in conjunction with a PGO wave 
in the ips i latera l lateral geniculate nucleus i f the concommitant REM 
were in one lateral direct ion, but not i f the REM were in the opposite 
direct ion. 
Units of this type are thus l i ke ly to be among those recorded by 
Hoshino et a l . (1976) in the decerebrate cat that f i red in relation to 
eye movements in one lateral direction only, beginning after eye movement 
onset, and reported to be located around the nucleus of the mesencephalic 
tract of the trigeminal nerve (which is close to the brachium 
conjunctivum at pontine levels). Hoshino et a l . suggested that these 
neurons responded to an eye muscle proprioception signal, since such 
signals are known to be carried by mesencephalic trigeminal neurons 
(Cooper et a l . , 1953; Fi l lenz, 1955; Alvarado-Mallart et a l . , 1975). 
Morrison (1979) has reviewed the l i te ra ture that points out the 
s imi lar i t ies between PGO waves during sleep and eye movement potentials 
(EMP) that can be recorded in the same structures during waking. 
The above data lead one to suspect that PGO waves might be related to 
eye muscle proprioception. The close proximity of the brachium 
conjuctivum to PGO-on neurons is further suggestive of such a 
relationship, since eye muscle proprioception signals have been recorded 
in the cerebellum (Baker et a l . , 1972; Batmi et a l . , 1974--for other 
references, see R.H.S. Carpenter, 1977). One would then, expect to be 
able to record PGO waves in the cerebellum. Such recordings have already 
been obtained (Jeannerod, 1965; Pellet et a l . , 1974Lcited in Kaufman and 
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Morrison, 1981]; Marks et al., 1980 [cited in Kaufman and Morrison, 
1981]). Morrison and Bowker (1975 [cited in Kaufman and Morrison, 1981]) 
have recorded PGO waves after lesions in the vermis or paravermis, but I 
am unaware of any recordings attempted in the completely 
cerebellectomized preparation. It would also be important to know 
whether cerebellar PGO waves precede or follow PGO waves recorded in the 
pons. 
A final suggestion of a relationship between PGO waves and eye muscle 
proprioception is from the work of Sakai et al. (1976 [cited in Morrison, 
1979]), showing that lesions around the brachium conjuctivum abolish PGO 
waves and EMP in the dark, but not EMP in the light. These results would 
be consistent with the proposition that the lesions blocked ascending 
transmission of proprioceptive signals, which underlie PGO waves and EMP 
in the dark, whereas vision is sufficient to produce EMP in the light. 
A problem with the hypothesis that a proprioceptive mechanism 
underlies PGO, is that unlike EMP during waking, PGO waves usually 
precede eye movements in paradoxical sleep (Morrison, 1979). However, it 
could be that PGO waves are generated centrally, but follow the same 
pathways that are used in waking to carry proprioceptive information. 
Morrison and Pompeiano (1966 [cited in Jouvet, 1972]) reported that 
lesions of the descending and medial vestibular nucleus abolished PGO 
bursts, while isolated waves persisted (reviewed in Pompeiano, 1967 
[cited in Moruzzi, 1972]). 
Most of the above experiments relating to PGO waves were performed on 
the cat. Recently, three groups (Farber et al., 1980; Kaufman and 
Morrison, 1981; Shoham and Teitelbaum, 1982) have recorded slow 
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potentials in the dorsolateral pons in the rat that share the basic 
characteristics of PGO waves in the cat. On the basis of the l i te ra ture 
review in Kaufman and Morrison (1981) i t seems that a possible 
explanation for the fai lures of previous attempts to record PGO waves in 
the lateral geniculate and occipital cortex in normal rats is that a l l 
such attempts were made in albino ra ts . Abnormalities in the visual 
systems of albino animals are well known. For example, recently, Precht 
and Cazm (1979) found that albino rats were lacking in behavioral and 
vestibular neuronal responses to optokinetic s t imu l i , while such 
responses were readily recorded in brown (DA-HAN) rats. 
iv) rapid eye movements in paradoxical sleep 
Pontine tegmentum unit discharges correlated with rapid eye movements 
have been recorded during paradoxical sleep in intact cats (Pivik et a l . , 
1977) and during atonia episodes in eserme-treated decerebrate cats 
(Hoshino et a l . , 1976). Gigantocellular tegmental f i e ld units showed 
ear l ier and more pronounced modulations related to eye movements in 
paradoxical sleep than units in other ret icular areas (Pivik et a l . , 
1977). However, units in N.r . t . were more t i gh t l y coupled to the eye 
movements as measured by invar iab i l i t y of the magnitudes and latencies of 
the eye movement-related discharges. I t is interesting that in the 
gigantocellular tegmental f i e l d , the greatest modulations related to eye 
movements were exhibited by neurons located 1.6-1.9 mm from the midline, 
and relat ively few eye movement-related discharges were recorded between 
0.3 and 1.2 mm lateral to the midline, whereas premotor excitatory burst 
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neurons related to saccadic eye movements during waking are located right 
around 1.2 mm lateral (Igusa et a l . , 1980).. Many of the gigantocellular 
tegmental f i e l d neurons that had eye-movement relations in paradoxical 
sleep appeared not to be related to eye movements in waking. 
In the decerebrate cat, Hoshino et a l . (1976) ident i f ied two major 
classes of units related to eye movements during atoma episodes. One 
class, "S" uni ts, showed a sinusoidal modulation during rapid eye 
movements, with an increase in f i r i ng related to movement in one lateral 
direct ion, and a decrease related to movement in the opposite direct ion. 
The other class, "P" un i ts , showed different types of phasic relations to 
eye movements. (The P units included the units located near the nucleus 
of the mesencephalic t ract of the trigeminal nerve that f i red after eye 
movement onset and were mentioned above in conjunction with PGO waves.) 
Both S and P units were found in the pontine ret icular region explored 
(R.p.o. and rostral R .p . c ) . The P units in the PRF for the most part 
had the same sign discharge modulation for both directions of movement. 
Most of the movement-related modulations were increases in discharge 
rate. The S units did not show eye-movement relations during positional 
nystagmus induced during r i g i d i t y . Whether or not nystagmus-related 
discharges were observed in P uni ts, and i f so whether they were related 
to quick phase, slow phases, or both, was not stated. 
From the l imited amount of data available, we can only begin to 
speculate about the mechanisms mediating rapid eye movements in 
paradoxical sleep. The topographical data of Pivik et a l . (1977) suggest 
that the saccadic mechanisms of the paramedian pontine ret icular 
formation are not primarily involved. The other major preoculomotor 
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complex, the vestibular nuclei complex is therefore implicated by 
default. The involvement of the vestibular nuclei is strongly supported 
by the study of Pompeiano and Morrison (1965; reviewed in Pompeiano, 1967 
[ci ted in Moruzzi, 1972]) which reported that bursts of rapid eye 
movements during paradoxical sleep were abolished by lesions of the 
medial and descending vestibular nuclei, while isolated ocular movements 
persisted. The t ight coupling of N.r . t . neurons to eye movements in 
paradoxical sleep (Pivik et a l . , 1977) may indicate that a path from this 
nucleus to the medial vestibular nucleus (MVN) is involved. This pathway 
has been implicated in optokinetic slow phases in cats (Precht and 
Strata, 1980) and rats (Cazm et a l . , 1980). Thus we can postulate two 
paths from the presumed paradoxical sleep generator in lateral R.p.c and 
R.p.o. Denoting th is region as the gigantocellular tegmental f ie ld (FTG) 
for the moment, I propose an FTG-N.r.t.-MVN abducens path, and the more 
direct FTG-MVN-abducens path to mediate eye movements in paradoxical 
sleep. We should not be too hasty, however, in relegating to the 
paramedian reticular saccadic burst neurons a minor ro le, perhaps to 
account for the isolated ocular movements that persisted after vestibular 
nuclei lesions. I t would be necessary f i r s t to monitor the events of 
paradoxical sleep in animals with paramedian zone lesions that were 
effective in abolishing fast eye movements in waking, and also in other 
experiments, to record during paradoxical sleep from neurons ident i f ied 
in the waking state as premotor excitatory burst neurons. 
69 
d. lower brainstem mechanisms in behavioral state 
control: an attempted synthesis 
I feel i t is useful after the preceding summary to formulate a working 
hypothesis that is consistent with the present data to explain the role 
of the lower brainstem in behavioral state control. 
First of a l l , i t should be recalled from the review of Moruzzi (1972) 
that the basal forebrain and diencephalon appear to be capable of 
generating the waking state and also slow waves. The lower brainstem can 
thus be thought to influence these waking and slow wave mechanisms and to 
generate the state known as paradoxical sleep. As a basic framework, I 
w i l l start with the proposition of McCarley (1980) that high act iv i ty in 
lateral R.p.c. and R.p.o. neurons, and low act iv i ty in dorsal raphe 
nucleus neurons (and locus coeruleus neurons?) is related to paradoxical 
sleep, and vice versa for waking. When neither the paradoxical sleep 
mechanisms nor the waking mechanisms are suf f ic ient ly active, slow waves 
take over in the cortex (the diencephalon is a l i ke ly candidate for the 
source of the slow waves--see Moruzzi, 1972). As McCarley (1980) 
suggested, the cort ical activation in paradoxical sleep might be due to 
ascending act iv i ty from the pontine reticular formation, possibly via 
recruitment of mesencephalic ret icular formation neurons. Although not 
exp l ic i t l y suggested by McCarley, the idea that cortical activation 
during waking is fac i l i ta ted by the act iv i ty of dorsal raphe neurons 
seems reasonable. This activation miyht also involve recruitment of 
mesencephalic ret icular formation neurons. In any case, the tonic 
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activation of cortex and hippocampus during both waking and paradoxical 
sleep appears to involve cholinergic pathways at some level because i t is 
abolished in both cases by atropine (Robinson et a l . , 1977; Robinson and 
Vanderwolf, 1978). (Phasic activation appears not to be dependent on 
cholinergic mechanisms.) An important role in activation during waking 
for the pontine ret icular formation is unlikely in view of the evidence 
discussed above. 
Recently, Morrison (1982) suggested that the mechanisms for alert 
wakefulness and paradoxical sleep are similar, and that both involve the 
pontine ret icular formation. As evidence, he cited the observation of 
Jones (1979) that large lesions of the PRF that abolished paradoxical 
sleep also abolished orienting to sensory stimuli during waking. 
However, Sirkm et a l . (1980b) obtained evidence suggesting that the loss 
of head movements resulting from PRF lesions is due to damage to the 
medial portion of the PRF and the descending pathways projecting 
therefrom (Sirkm et a l . , 1980a--see also below Section C and experiments 
I and I I ) ; i .e . the lack of orienting was probably primarily due to 
damage to medial premotor neurons, whereas the abolit ion of paradoxical 
sleep was probably due to damage of more lateral portions of the 
gigantocellular tegmental f i e l d . 
The Hobson-McCarley model for alternation of behavior states involves 
reciprocal interactions between excitatory, cholinergic PRF ce l ls , and 
inhibitory dorsal raphe and locus coeruleus cel ls (serotonergic and 
noradorenergic respectively) (McCarley and Hobson, 1975; Hobson and 
Scheibel, 1980; McCarley, 1980). The neurons are also presumed to excite 
or inhibi t themselves, and an osci l lat ion results. As mentioned above, 
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McCarley (1980) has pointed out that the high f i r i ng during waking and 
low f i r i ng during paradoxical sleep is not exemplified as well by the 
locus coeruleus neurons as by the dorsal raphe neurons. Besides t h i s , 
the model is undoubtedly oversimpl ist ic I t is l i k e l y , though, that a 
decrease in dorsal raphe act iv i ty causes a bias towards paradoxical 
sleep, and that a decrease in lateral R.p.o. and R.p.c. act iv i ty causes a 
bias towards waking. Results of surgical and pharmacological 
manipulations are f a i r l y consistent with this scheme. Thus, Ferguson et 
a l . (1970 [ci ted in Morrison, 1979]) reported "hallucinatory-l ike 
behavior" in cats depleted of monoamines by para-chlorophenylalamne 
(PCPA), which could be interpreted as a carry-over of paradoxical sleep 
characteristics into the waking state. Cespuglio et a l . (1978a) reported 
that cooling the dorsal raphe in cats caused slow wave sleep with PGO 
waves, sometimes resolving into paradoxical sleep. And Petitjean et a l . 
(1978) reported that following dorsal raphe lesions, PGO waves occurred 
in a l l states constantly. There was no overall change in the amount of 
paradoxical sleep, but individual episodes were longer and less frequent. 
There were occurrences of transit ions direct ly from waking to paradoxical 
sleep, associated with a large decrease in the amount of "state I I " slow 
wave sleep. Conversely, the PRF lesions of Jones (1979) caused an 
abolit ion of paradoxical sleep as well as a decrease m stage I I slow 
wave sleep. (From these examples i t is apparent that effects on slow 
wave sleep are rather unpredictable.) 
The functional interaction between the dorsal raphe and the 
gigantocellular f i e l d , which is the heart of the Hobson-McCarley model, 
has not yet been adequately tested. I t w i l l be necessary to perform a 
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number of unit recording experiments, including recording m an isolated 
brainstem " is land", recording from one population while stimulating the 
other, and recording from one population after the other has been 
destroyed. The recent work of Trulson et a l . (1981 [c i ted in Morrison, 
1982]) leads me to speculate that the last-mentioned type of experiment 
might support a modified version of the model. Trulson et a l . found that 
after lesions of the pontine tegmentum that abolish muscular atonia in 
paradoxical sleep while not abolishing other aspects of paradoxical sleep 
(see above), the decrease in dorsal raphe unit act iv i ty related to 
paradoxical sleep was not as profound as normal. This result is 
consistent with a modified version of the Hobson-McCarley model, in which 
the nucleus raphe magnus is included, as I w i l l now explain. 
The work of Jouvet and collaborators (Cespuglio, 1978a; b; Petit jean, 
1978) has indicated that other raphe nuclei besides the dorsal raphe 
nucleus are involved in behavioral state control. At present, the 
evidence for a role of raphe magnus is part icular ly s t r ik ing. Cespuglio 
et a l . (1978b) noted that whereas dorsal raphe units decrease ac t iv i ty 
during paradoxical sleep, raphe magnus units increase thei r act iv i ty in 
this state. They proposed that there is reciprocal inhibit ion between 
the two nuclei. As one would then expect, cooling raphe magnus caused 
increased arousal (Cespuglio et a l . , 1978a), and destroying i t caused 
insomnia i f the serotonin-containing neurons just dorsal to raphe magnus 
were also destroyed (Petitjean et a l . , 1978). I would propose then, that 
there is an excitatory connection between gigantocellular tegmental f i e l d 
neurons and raphe magnus neurons. Such a connection could easily account 
for the result of Trulson et a l . (1981) mentioned above; i .e . I would 
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suggest that the PRF lesions they made decreased the excitation of raphe 
magnus neurons during paradoxical sleep, thereby decreasing the 
suppression of dorsal raphe unit ac t iv i ty . The scheme also provides an 
explanation for the induction of slow wave sleep by acetylcholine 
injections in the PRF as reported by Cordeau et a l . (1963). I would 
propose that the injections excited raphe magnus neurons, either direct ly 
or via ret icular neurons, thereby suppressing dorsal raphe neurons, the 
proposed source of waking act ivat ion. This explanation is consistent 
with the report that the acetylcholine was most effective in producing 
slow wave sleep when injected at caudal and medial sites ( i . e . close to 
raphe magnus). As mentioned ear l ier , carbachol, a longlasting 
cholinergic agonist, caused a paradoxical sleep-like state when injected 
into the PRF, presumably by causing a prolonged activation of a sizeable 
number of gigantocellular tegmental f ie ld neurons. 
7. Complex behaviors 
I t has been suggested (e.g. Rioch, 1952; Bowsher, 1973) that complex, 
phylogenetically old patterns of behavior are organized in the brainstem 
ret icular formation. Berntson and Mi ceo (1976) have reviewed the 
evidence for organization of different behavior patterns at different 
levels of the brainstem. In this item I w i l l examine the evidence 
pertaining to the pontine ret icular foramation, part icular ly R.p.c 
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a. effects of lesions 
The effects of lesions on head and eye movements w i l l be discussed in 
the next section (section C ) . Besides these, there was also a loss of 
labyrinthine r ight ing, both in the air and in water, following bi lateral 
R.p.c. lesions in the rat (Sirkin et a l . , 1980b). 
b. complex behaviors e l ic i ted by stimulation of the 
pontine ret icular formation 
T.E. Robinson (1978) obtained only ipsiversive turning and c i rc l ing 
from stimulation of medial R.p.c. in unrestrained rats (see below, 
section C). Lateral R.p.c. was not extensively explored, but one s i te 
yielded leaning and another, just ventromedial to the masticator nucleus, 
induced locomotion. This last effect could be related to the pontine 
locomotor region (see below, next sub-item). 
Other studies in rat (Micco, 1974; Waldbil l ig, 1975) and cat 
(Berntson, 1973) reported behaviors such as eating and grooming from 
stimulation of the dorsolateral pontine tegmentum (locus coeruleus, 
parabrachial region), but medial portions of R.p.c. were not explored 
(Berntson, 1973; Micco, 1974) or yielded negative results (Waldbil l ig, 
1975). Berntson (1973) d id, however, stimulate at four medial sites in 
the most rostral portion of R.p.c. in the cat. One of these yielded ear 
f la t tening, one vocalization, and the remaining two negative results. 
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c. effects of stimulation on locomotion 
Mori and coworkers (Mori et a l . , 1977;; 1978; 1980) have mapped 
pontine regions fac i l i t a t i ng or inh ib i t ing locomotion induced by 
stimulation of the mesencephalic locomotor region. These were the same 
regions that had fac i l i t a to ry and inhibitory influences on extensor tonus 
(Mori et a l . , 1978—see above, item 5). Besides these regions, a pontine 
locomotor region was ident i f ied in lateral R.p.o. and R.p.c Stimulation 
in this circumscribed zone could e l i c i t locomotion in decerebrate cats. 
In fact , th is region is a portion of a long narrow locomotor column that 
has been traced from the midbrain locomotor region (nucleus cuneiformis) 
almost to the spinal cord (Mori et a l . , 1977; 1980). 
There is some evidence that midbrain locomotor stimulation induces 
locomotion via activation of noradrenergic fibers descending to the 
spinal cord from the locus coeruleus (reviewed in Gnl lner , 1973; 
Gnl lner and Shik, 1973; Morrison, 1979, Hobson and Scheibel, 1980). 
Phenoxybenzamine (an a-adrenergic blocker) abolished the locomotor effect 
of mesencephalic locomotor region stimulation (Gnl lner and Riman, 
unpublished—cited by Gn l lner , 1973). And Steeves et a l . (1975 [c i ted 
in Morrison, 1979]), demonstrated that effect ive midbrain locomotor 
stimulation sites were close to noradrenergic f ibers or rostral locus 
coeruleus noradrenergic neurons. I t is thus possible that in some cases, 
ascending noradrenergic fibers were stimulated and the antidromically 
t ravel l ing impulse continued into a descending axonal col lateral as an 
orthodromic spike. Such effects of electr ical stimulat'ion have been 
dramatically demonstrated in another system (Oka and Jinnai, 1978). The 
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descending noradrenergic explanation for effects of mesencephalic and 
pontine locomotor region stimulation is further supported by the 
observation that the locomotor column described by Mori et a l . (1977; 
1980) appears to be similar to the course of long descending (as well as 
ascending) noradrenergic f ibers traced by Lindvall and Bjorklund (1974) 
in the lower brainstem in the rat . I t is important to note that although 
the data so far suggest that activation of descending noradrenergic 
fibers can cause locomotor act iv i ty in decerebrate cats, noradrenergic 
pathways do not appear to be essential for locomotion (Gri l lner—in 
Hobson and Scheibel, 1980). 
d. lower brainstem influences on locomotor ac t i v i t y : 
parallels with behavioral state control and an 
attempted synthesis 
As just mentioned, i t appears that descending noradrenergic pathways 
from the locus coeruleus have a fac i l i ta tory influence on locomotion. 
The same appears to be true for ascending catcholamine systems, 
particularly the ascending dopaminergic paths from the substantia nigra 
(see Schallert et a l . , 1978). I t is tempting to generalize by 
postulating that catecholamine systems are fac i l i t a to ry with regard to 
locomotion. 
Cholinergic systems in the brain seem to be generally inhibitory with 
regard to locomotion. Thus, as mentioned above (item 6 c n ) , eserme 
caused muscular atonia in decerebrate cats, probably by activating a 
medullary inhibitor region via the PRF. Atropine, an acetylcholine 
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antagonist, reinstated walking in rats made akinetic by catecholamine 
depletion (Schallert et al., 1978). Finally, the increased locomotion 
observed by Cheng et al. (1981) after damaging the N.r.t. might have been 
due to removal of ascending cholinergic pathways from this region (Shute 
and Lewis, 1967). 
Serotonin systems may also inhibit locomotion. Methysergide, a 
serotonin antagonist, reinstated walking in rats made akinetic by lateral 
hypothalamic lesions (Chesire and Teitelbaum, 1982), and reinstated 
galloping in rats partially recovered from N.r.t. damage (Chesire et al., 
1982). 
When we compare these conclusions with the scheme presented for 
behavioral state control (above, item 6d), it is apparent that there is a 
similarity between systems inhibiting locomotion and activating the 
forebrain: cholinergic activity and serotonergic activity from the 
dorsal raphe were proposed to activate the forebrain. In some sense, 
maybe, some forms of forebrain activation can be considered to be 
antagonistic to locomotion. The activation that has been demonstrated to 
be atropine-sensitive (i.e. cholinergic) has been related to immobility 
in the waking rat (see Robinson and Vanderwolf, 1978). It is interesting 
that thalamic cats demonstrated obstinate forward progression (Laughton, 
1924). It is also interesting that locus coeruleus neurons which appear 
to facilitate locomotion, are inactivated during orienting and increased 
arousal (reviewed in Morrison, 1982). On the other hand, medial R.p.c. 
neurons, many of which are cholinergic (see above, item 4) and therefore 
likely to antagonize locomotion according to the proposed scheme, have 
been suggested to be excitatory links in the pathways mediating orienting 
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movements of both the eyes and head (see below, section C, and also 
experiment III of this proposal). These neural-behavioral relations are 
paralleled by the observation of Teitelbaum et al. (1980) that orienting 
interrupts locomotion in the rat. 
C. Involvement of the Pontine Reticular Formation in 
Movements of the Eyes and Head 
1. Eye Movements. 
There is a large literature documenting the importance of the medial 
PRF in eye movements, and it has been discussed in a number of recent 
reviews (Aschoff, 1974; Cohen, 1974; Robinson, 1975; Carpenter, 1977; 
Raphan and Cohen, 1978; Hobson and Scheibel, 1980, Keller, 1980; 
Peterson, 1980; Robinson, 1981). There is now almost conclusive evidence 
that this region contains the immediate premotor neurons mediating all 
"fast" eye movements; i.e. saccades and quick phases of nystagmus. 
Early lesion studies implicating the involvement of the PRF in eye 
movements began with attempts to localize the portion of the brain 
responsible for generating the quick phase of nystagmus. Bauer and 
Leidler (1912) reported that the third nerve nucleus and the portion of 
the brain lying rostral to it are not essential for either the slow or 
quick phase of nystagmus. Magnus and de Kleijn (1923 [cited in Spiegel, 
1929J) similarly reported that the entire cerebellum could be removed 
without abolishing nystagmus. Thus it was determined that the neural 
substrate of nystagmus lay principally in the lower brainstem. The 
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importance of pontine regions for eye movements was indicated by the 
early neurological l i terature (Freeman, 1922). 
Lorente de No (1933) found that pontine ret icular formation lesions 
abolished the quick phase of nystagmus m rabbits. This result was 
challenged by Spiegel (1929), who reported that lesions made in the cat 
from a ventral approach, to eliminate the possibi l i ty of damaging the 
ascending FLM, did not ablish nystagmus. A controversy raged for a 
number of years (see Spiegel, 1932). Lorente de No fe l t that Spiegel's 
lesions spared part of the ret icular formation as well as the FLM 
(Spiegel, 1932). I t appears, in fac t , that in addition to the 
possibi l i ty of Spiegel's lesions being too restricted in the coronal 
plane, they were a l l in the rostral pontine ret icular formation (R .p . c ) , 
sparing the region just rostral to the abducens containing the excitatory 
premotor burst neurons (see below). 
Lorente de No's thesis was confirmed by a series of studies in the 
monkey performed by Bender, Cohen, and their colleagues (Teng et a l . , 
1956; 1958; Bender and Shanzer, 1964; Cohen et a l . , 1968; Goebel et a l . , 
1971; Cohen and Henn, 1972a). In these studies, unilateral lesions of 
the medial PRF rostral to the abducens nucleus caused a loss of quick 
phases of nystagmus and voluntary saccades to the ipsi lateral side. 
Bilateral lesions caused a paralysis of upward and downward as well as 
horizontal gaze (Bender and Shanzer, 1964). The sequence of effects 
following unilateral lesions was described by Cohen et a l . , 1968. 
I n i t i a l l y , there were no movements of any kind that carried the eyes to 
the ipsi lateral side of the midline posit ion, and ipsiversive quick 
movements (saccades and quick phases of caloric optokinetic nystagmus) 
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were either absent or greatly diminished in amplitude and velocity. 
There was also spontaneous nystagmus, especially in the dark, with slow 
phases towards the side of the lesion. Slow phases of optokinetic 
nystagmus towards the ipsi lateral side were s l ight ly decreased in 
velocity. In recovery, f i r s t slow phase (caloric or optokinetic 
nystagmus) movements crossed to the ips i latera l side of the midline, and 
eventually saccades and quick phases of nystagmus crossed to the 
ips i latera l side. There was a lasting de f i c i t in the amplitude and 
velocity of ips i la tera l ly directed saccades and quick phases. During 
optokinetic or caloric nystagmus in which slow phases were towards the 
contralateral side, the eye movements were restr icted to the 
contralateral side of the midline and both quick phases and slow phases 
were diminished in amplitude and velocity. The spontaneous nystagmus in 
the dark was also a long-lasting de f i c i t . 
Few lesion studies have been performed in other species. McCabe (1965) 
reported that bi lateral medial PRF lesions in the cat selectively 
abolished vestibular quick phases (sparing optokinetic quick phases and 
voluntary saccades) I t seems l ike ly that di f ferent ly placed lesions 
would have produced a more severe syndrome resembling that described in 
the monkey. Sirkm et a l . (1980b) reported a loss of ipsiversive quick 
phases of vestibular nystagmus in the rat following medial PRF lesions 
and a bidirectional loss of vestibular quick phases following bi lateral 
lesions (spontaneous and optokinetic eye movements were not studied). 
As one would expect, stimulation of the medial PRF caused conjugate 
eye movements to the ipsi lateral side (Cohen and Komatsuzaki, 1972). 
Eye-movement related units have been recorded in the pontine ret icular 
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formation in rabbits (Duensing and Schaefer (1957a; b), monkeys (Sparks 
and Travis, 1971; Cohen and Henn, 1972b; Luschei and Fuchs, 1972 [ci ted 
in Keller, 1974]; Kel ler, 1974; Henn and Cohen, 1976; Raybourn and 
Keller, 1977), and cats (Igusa et a l . , 1980; Nakao et a l . , 1980b; Kaneko 
et a l . , 1981; Markham et a l . , 1981). A number of di f ferent types of 
movement-related discharge have been recorded in the monkey (Keller, 
1974; reviewed in Kel ler, 1980; Robinson, 1981). The excitatory burst 
neurons projecting to the ipsi lateral abducens nucleus in the cat (Igusa 
et a l . , 1980) seemed to correspond to the medium lead burst neurons 
recorded in monkey. In the cat, these premotor units were found just 
rostral to the abducens nucleus, and about 1-2 mm lateral to the midline 
(dorsal R .p . c ) . 
"Tonic un i ts" , whose discharge rates were related to eye position and 
that were found in the PRF (Keller, 1974) and also the nucleus prepositus 
hypoglossi (Lopez-Barneo et a l . , 1979 §cited in Robinson, 1981]) may be 
involved not only in quick eye movements, but also in providing eye 
muscle motoneurons with the position signal needed during a l l types of 
eye movements (Robinson, 1981). 
The functional connections between the PRF and other brainstem cel l 
groups involved in eye movements have begun to be elucidated in the last 
few years by anatomical and electrophysiological methods, and, most 
recently, by morphological-physiological studies ( i . e . HRP injections 
into axons whose discharge patterns have been corellated with eye 
movements in awake, behaving preparations—see, for example, Yoshida et 
a l . , 1979; Baker, 1980). The projection from medial R.p.c. to the 
abducens nucleus has been demonstrated autoradiographically 
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(Buttner-Ennever and Henn, 1976; Buttner-Ennever, 1977; Graybiel, 1977) 
and electrophysiologically (Igusa et a l . , 1980). This excitatory 
projection (Igusa et a l . , 1980) mediating ipsiversive fast eye movements 
acts in concert with an inhibitory path from a circumscribed region just 
caudal to the abducens nucleus and projecting to the contralateral 
abducens nucleus (Hikosaka and Kawakami, 1977; Maciewicz et a l . , 1977; 
Yoshida et a l . , 1979, Nakao et a l . , 1980a). In anatomical studies, the 
PRF (rostral to the abducens) appeared to send projections ips i la tera l ly 
to this region containing inhibi tory burst neurons (Buttner-Ennever and 
Henn, 1976; Graybiel, 1977). 
In order for the PRF to i n i t i a t e an ipsiversive conjugate eye 
movement, not only must the ips i latera l abducens motoneurons be excited 
to contract the ipsi lateral lateral rectus muscle, but the motoneurons in 
the contralateral oculomotor nucleus that innervate the contralateral 
medial rectus muscle must also be excited. In addit ion, there must be 
reciprocal innervation of the antagonist muscles; i . e . the ipsi lateral 
medial rectus motoneurons and the contralateral lateral rectus 
motoneurons must be inhib i ted. The inhibi t ion of the contralateral 
abducens motoneurons could be mediated via the PRF projection to the 
inhibitory burst neurons mentioned in the preceding paragraph. The 
excitation of the contralateral medial rectus motoneurons appears to be 
mediated via the PRF-abducens projection and then an internuclear l ink 
provided by a projection from internuclear neurons in the abducens 
nucleus to the medial rectus subdivision of the contralateral oculomotor 
nucleus (Fuse, 1912 [c i ted in Pomeiano, 1980]; Graybiel and Hartweig, 
1974; Buttner-Ennever, 1977; Highstem and Baker, 1973; Baker, 1980; 
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Figure 3. Summary of brainstem c i rcui t ry control l ing rapid 
horizontal eye movements discussed in the text. The 
horizontal vestibuloocular reflex pathways have also been 
included (from Precht, 1978). (The vestibular commissural 
pathways, whereby the le f t horizontal canal can contribute 
to the vestibuloocular reflex induced by a head movement 
to the r igh t , have been omitted. Tonic neurons, pauser 
neurons, prepositus neurons, and cerebellar neurons have 
also been omitted). The paths shown i l lus t ra te the 
sequence of events that occurs during a passive head 
movement to the r igh t . When the head turns r igh t , the 
act iv i ty in the r ight horizontal canal afferents increases 
(a). This increase results in excitation of the crossed 
excitatory vestibuloocular neurons in the vestibular 
nucleus (b), which excitation is relayed to the l e f t 
abducens motoneurons (c) innervating the l e f t lateral 
rectus muscle, and causing i t to contract. The l e f t 
medial rectus muscle is simultaneously relaxed via a 
polysynaptic inhibitory pathway lying outside the medial 
longitudinal bundle (d ,e , f , ) . The canal afferent act iv i ty 
also excites vestibular nucleus neurons of the ascending 
tract of Deiters (g) to excite the motoneurons innervating 
the right medial rectus muscle (h), causing i t to 
contract. F inal ly , the inhibi tory vestibuloocular neurons 
( i ) are excited, causing a decrease in f i r i ng in the r ight 
abducens motoneurons ( j ) , relaxing the r ight lateral 
rectus. These actions occur in concert to cause a 
conjugate eye movement to the left—the slow phase of 
nystagmus. A rapid eye movement to the r ight is commanded 
by the signal delivered to the PRF (k). For saccades, 
this signal could originate from the cortex and/or the 
superior co l l icu lus. In the case of vestibular nystagmus 
the signal originates in the horizontal canals. The r ight 
PRF excitatory burst neurons excite r ight abducens 
motoneurons (1), r ight abducens internuclear neurons (m), 
and right inhibitory burst neurons (n). The internuclear 
path (o) excites the l e f t medial rectus motoneurons, and 
the right inhibi tory burst neurons inh ib i t the l e f t 
abducens motoneurons (p) and also the l e f t abducens 
internuclear neurons (g), which in turn decreases the 
excitation of r ight medial rectus motoneurons ( r ) . These 
actions cause a conjugate eye movement to the right—a 
saccade or quick phase of nystagmus. (Presumably the 
internuclear path is involved in the vestibuloocular 
reflex also—Baker et a l . , 1981.) F i l led circles 
represent inhibitory neurons, empty circles excitatory 
neurons. Abbreviations: I I I , occulomotor nucleus; IBN, 
inhibitory burst neurons; PRF-EBN, region of pontine 
reticular formation containing excitatory burst neurons; 
VI , abducens nucleus; VN, vestibular nuclei. 
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Carpenter and Batton, 1980; de Jong et a l . , 1980). Presumably, the 
inhibi t ion of ipsi lateral medial rectus motoneurns could be achieved by a 
decrease in excitation from the crossed internuclear pathway due to 
inhibit ion of contralateral abducens internuclear neurons resulting from 
the act iv i ty of the ipsi lateral inhibi tory burst neurons. Direct 
projections from either excitatory neurons in the PRF (Graybiel and 
Hartweig, 1974; Buttner-Ennever and Henn, 1976; Buttner-Ennever, 1977; 
Graybiel, 1977) or the inhibi tory burst neurons (Yoshida et a l . , 1979) to 
medial rectus motoneurons appear not to exist . A diagram summarizing the 
pathways just discussed for PRF control of lateral eye movements is shown 
in Fig. 3. The projections involved in a saccade or quick phase of 
nystagmus to the right are i l lus t ra ted. For completeness, the pathways 
for the vestibuloocular reflex (or slow phase of nystagmus) that would 
drive the eyes to the l e f t during a head movement to the right are also 
included. 
As noted above (section 8.3.a. ) , the PRF projects to the midbrain 
ret icular formation. This pathway has been suggested to be involved in 
control of vert ical eye movements (Buttner et a l . , 1977). 
Some of the sources of afferents to the PRF that have been discussed 
above (section B.2.) are l i ke ly to play a role in eye movements. The 
vestibuloreticular projections (section B.2.b.) are probably involved in 
generating the nystagmus rhythm since the quick phase of vestibular 
nystagmus depends solely on vestibular input (section A.4.) . Projections 
from the superor col l iculus (section B.2.c) and frontal eye f ields 
(section B.2.J.) may both be involved in visual orienting responses 
(Schiller et a l . , 1980; Keller, 1979). The pause cells in the raphe 
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nuclei (section B.2.g.) appear to gate the activity of excitatory and 
inhibitory premotor burst cells (of which the former are in the PRF—see 
above) (Keller, 1980). 
2. Head movements. 
While active head movements are partners with eye movements in gaze 
control (section A . ) , the underlying control systems for head movements 
have been much less extensively studied than those for eye movements. 
The eye movement control systems have received a lot of attention because 
they have been chosen by many neuroscientists as a model motor system, 
both because the mechanical aspects of the system are relatively simple 
(Robinson, 1981), and because "the electrophysiology of the brainstem, 
including the oculomotor, vestibular, and associated cerebellar and 
precerebellar nuclei, is the best understood area in our field today" 
(Llinas and Walton, 1979). While the head movement control systems do 
not shape all of these advantages for study, they must be considered to 
be at least as important to human and animal behavior. They function, 
not only in seeing, but also in smelling, hearing, biting, licking, and 
feeding. In addition, control of head position is a critical element of 
posture control, since head position influences not only the eyes, but 
the limb and trunk as well, via vestibular and neck reflexes (Magnus, 
1926; Roberts, 1967). 
The importance of the pontine reticular formation for head movements 
was indicated first by stimulation studies demonstrating ipsiversive 
turning as part of the "tegmental reaction" (Ingram et al., 1932; Burgi 
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and Monmer, 1943; Monmer, 1943; 1946; Hassler, 1956a; Bender et a l . , 
1964; Robinson, 1978). Lesions made in the ret icular formation, 
including the PRF, were reported to cause head deviations and c i rc l ing to 
the contralateral side (Burgi and Monnier, 1943; Monneir, 1943; 1946; 
Hassler, 1956b; Bender et a l . , 1964). Recently, Jones (1979) reported 
def ic i ts in orienting movements after bi lateral PRF lesions. Sirkm et 
a l . (1980b) found that R.p.c. lesion effects on head movements in the rat 
closely paralleled the effects on eye movements: ipsiversive quick 
phases of vestibular head nystagmus were abolished as well as ipsiversive 
turns in the open f i e l d . J.-T. Cheng and Sirkin (unpublished ) found 
that gamma-aminobutync acid (GABA) injections into R.p.c. produced 
temporary effects that resembled the longlastmg effects of lesions, 
suggesting that cel ls in R.p.c mediate head movements. The importance 
of R.p.c. was also indicated by the work of S i rkm, Jacobson, and Kramer 
(in preparation) who found that lesion effects on quick phases of 
vestibular head nystagmus were greatest around R.p.c. In fact the region 
of strongest effects seemed to correspond roughly with the zone 
containing excitatory burst neurons projecting to the abducens nucleus in 
the cat (Igusa et a l . , 1980). 
Unit discharges related to head movements have been recorded in rabbit 
(Duensing and Schaefer, 1960), cat (Siegel and McGinty, 1977; Siegel, 
1979) and rat (Vertes, 1979). 
The PRF could mediate head movements via the medial reticulospinal 
tract (see Chapters I I and I I I ) . A role for reticulospinal f ibers in the 
mediation of head movements has been suggested by Hassler (1956b), 
Anderson et a l . (1971), Schaefer et a l . (1975), and Peterson (1979a). 
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PRF influences on turning movements of the body may be mediated by 
reticulospinal f ibers projecting to neck motoneurons, but also other 
motoneuronal groups. Projections from R.p.c. innervate a l l levels of the 
cord (see Chapter I I ) and monosynaptically excite motoneurons innervating 
muscles throughout the body (Peterson, 1979a, b; 1980). The functional 
role of projections to motoneurons below the neck in turning movements of 
the body has been suggested by recent experiments on drug-induced turning 
(Sirkin and Teitelbaum, submitted). 
The projection from the PRF to the vestibular nuclei (Hoddevik et a l . , 
1975; Pompeiano et a l . , 1978; Pompeiano, 1980) might be involved in the 
control of head movements. This path could provide part of the efference 
copy necessary for voluntary head movements (see above, Section A and 
Fig. l a ) . The retrograde tracing study of Pompeiano and coworkers (1978; 
reviewed in Pompeiano, 1980) indicates that there are uncrossed 
projections to the medial vestibular nucleus from the PRF region 
containing the excitatory pre-abducens neurons, and crossed projections 
from the region of the inhibitory pre-abducens neurons. I f we postulate 
that these projections terminate on mhibatory interneurons in the medial 
vestibular nucleus, then the efference copy for voluntary head movement? 
could be summed with the vestibular reafference in the vestibular nuclei 
as indicated in Fig. 4. The termination of reticulovestibular axons on 
interneurons is supported by data that indicated that vestibular nucleus 
units that had quick eye movement-related burst ac t i v i t y , which 
presumably originated in the ret icualr formation, were not 
vestibuloocular neurons (Grant et a l , 1976; Mergner and Pompeiano, 1978 
[both cited in Pompeiano, 1980]). This is desirable, because as noted 
89 
Figure 4. Possible scheme for control of voluntary lateral head 
movements utilizing reticulospinal and reticulovestibular 
pathways described in the text and vestibulospinal 
relations described in Wilson and Peterson (1978). The 
inhibitory interneurons (I) are postulated to make the 
reticulovestibular projections appropriate for carrying an 
efference copy signal. Projections involved in eye 
movements are omitted; so too are crossed 
vestibulovestibular and reticuloreticular connections. 
The vestibuloreticulospinal pathway is not included 
either, though it may be more important for lateral head 
movements than the direct vestibulospinal path (see text). 
The pathways drawn indicate what happens during a 
voluntary movement to the right. Vertical arrows indicate 
what happens to discharge rates in nerve fibers as a 
result of the head movement. Up arrows indicate an 
increase in discharge rate, and down arrows indicate a 
decrease m discharge rate. Excitatory neurons in the PRF 
rostral to the abducens nucleus receive a signal from 
higher centers (a). [The dotted line enclosing the PRF 
neurons is to indicate that a single neuron could 
contribute axonal branches to each of the three pathways, 
b,m and d.] The excitatory neurons in the PRF relay this 
signal to the motoneurons (b), which cause the neck 
muscles on the right side to contract (c). The excitatory 
neurons also send axons (d) to the inhibitory burst 
neurons in the reticular formation just caudal to the 
abducens nucleus. The inhibitory burst neurons then 
inhibit the neck motoneurons on the left side (e), thus 
causing the neck muscles on the left side to relax (f). 
As a result of the movement, a vestibular reafference 
causes primary sensory fibers from the semicircular canals 
to increase (on the right) and decrease (on the left) 
their firing rates. This results in an increase in 
discharge rate in the right medial vestibular nucleus 
g)and a decrease in the left medial vestibular nucleus 
h). These signals are relayed to the neck motoneurons on 
both sides by excitatory (i,j) and inhibitory (k,l) paths 
tending to cause a movement of the head to the left (or to 
oppose the voluntary movement to the right). However, 
these signals are reduced by efference copy from the PRF 
to the right medial vestibular nucleus (m) and from the 
inhibitory burst neurons to the left vestibular nucleus 
(n) via inhibitory interneurons in the vestibular nuclei 
(I). Filled circles represent inhibitory neurons, empty 
circles excitatory neurons. "+" indicates an excitatory 
synapse, and "-" an inhibitory synapse. Abbreviations: 
same as in previous figures and: CC cervical cord; FLM 
medial longitudinal bundle; I postulated inhibitory 
interneurons. 
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earlier (Section A), the vestibuloocular reflex is not suppressed (or 
only slightly suppressed) during voluntary head movements. A problem 
with the scheme diagrammed in Fig. 4 is that a vestibulospinal neuron and 
a vestibuloocular neuron may often be one and the same because of axonal 
branching (R. Baker, personal communication). Thus vestibuloocular 
transmission might be expected to be affected by the inhibitory 
interneurons. An alternative scheme would be to have the interneurons 
project to reticulospinal neurons. Such a scheme would be compatible 
with Peterson and Abzug's (1975) conclusions mentioned above (item B2b) 
that most vestibuloreticular neurons appear to be neither vestibuloocular 
nor vestibulospinal; nor do they receive primary vestibular afferent 
input. It would also be in accord with the idea that vestibulocol lie 
reflexes are mediated by reticulospinal fibers (Peterson, 1979a; Peterson 
et al., 1982). 
The medial pontine reticular formation is thus involved in both head 
and eye movement, and in both cases may do so via direct connections to 
motoneurons. The PRF may thus provide part of the link that couples head 
and eye movements (see above, Sea ton A). In addition to what has 
already been mentioned, support for this idea comes from the HRP 
injections of reticular neurons related to eye movemnts, showing that 
they usually had a descending axonal branch (Yoshida et al., 1979; Baker, 
1980). Finally, Whittington et al. (1980) recently reported that some 
PRF neurons in the monkey carried a signal related to shifts of gaze 
without regard for how much of each shift was accomplished by head 
movement and how much by eye movement. 
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CHAPTER I 
OPTOMOTOR RESPONSES AFTER PONTINE 
RETICULAR FORMATION LESIONS IN THE RAT 
Introduction 
In the monkey, a class of "rapid" or "fast" horizontal eye movements 
are abolished by pontine reticular formation (PRF) lesions. This class 
encompasses voluntary saccades, including those elicited by visual 
stimuli, and quick phases of both vestibular and optokinetic nystagmus 
(Teng et al., 1958; Cohen et al., 1968; Raphan and Cohen, 1978). We 
recently reported (Sirkin et al., 1980b) that in the rat, PRF lesions 
also abolished some types of head movements; i.e. spontaneous head 
movements in the open field and quick phases of vestibular head 
nystagmus. Quick phases of vestibular ocular nystagmus were also 
abolished. However, it is unclear if the PRF in the rat is essential for 
an entire class of "rapid" movements including visual orienting head 
movements and quick phases of optokinetic head nystagmus. We therefore 
studied the effects of PRF lesions on these visuomotor responses. 
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Methods 
A total of 19 adult Long-Evans black and white hooded rats were used 
in this study. Stereotaxically placed anodal e lectro lyt ic lesions, were 
made in the pontine ret icular formation as described previously (Sirkm 
et a l . , 1980b). However, the lateral coordinate used for the electrode 
placement was 0.8 mm from the midline rather than 1.0 mm because of the 
finding that more medial lesions have stronger effects on head movements 
(Sirkm et a l . , 1980b). 
Nine intact rats, 7 uni la tera l ly , and 6 b i la tera l ly damaged rats were 
tested for their responses to passive angular motion (3 of the damaged 
rats were also tested when s t i l l intact , so these 3 are counted twice). 
Each rat was turned by the experimenter's hand grasping i t s torso or t a i l 
(either 180° by the lower torso, or through 5 or mors ^evolutions by the 
t a i l at about 360°/sec) as described previously (Sirkm et a l . , 1980b). 
Each rat was also tested to see whether i t would orient with i t s head to 
a large stationary visual stimulus, a 26 x 20 cm grey cardboard with an 
irregular white and dark design on i t . This is an effective stimulus for 
e l i c i t i ng orienting in a rat (M. DeRyck, unpublished observation). 
In optokinetic experiments, the rat was placed in a 39 cm diameter 
black and white striped drum (vertical str ipes, 5.5°) that could be 
rotated in either direction by a constant torque electr ic motor. 
60-90°/sec drum velocit ies were most frequently used (we routinely 
adjusted the drum velocity as close to 72°/sec as possible). The rat 
stood on a small platform (10 cm diameter x 13.8 cm height) placed in the 
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Figure 5. Diagram indicating how drum and head angular position were 
measured on still frames of video records of responses to 
optokinetic stimulation. 
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96 
middle of the drum. The rat 's movements in the drum were recorded on 
video tape with a camera placed direct ly above the drum. Plots of the 
position of the drum and orientation of the ra t 's head were obtained by 
measuring angles on the monitor screen by hand. The drum angle was 
defined to be the angle between a l ine drawn from a reference mark on the 
drum wall to the center of the drum and a stationary reference l ine going 
through the center of the drum (Fig. 5). The head angle (head in space) 
was defined as the angle between a l ine connecting two white dots placed 
on the rat 's nose and occiput (with type correction f lu id ) and the 
stationary reference l ine (see Fig. 5). Drum and head position were 
sampled at f lex ib le intervals according to what was deemed appropriate to 
each portion of the record (we chose intervals small enough to detect the 
smallest and most rapid movements in each segment). Intervals ranged 
from 333 msec for steady drum or head movements down to 100 msec for 
small rapid head movements (we recorded at 30 frames/sec, so the smallest 
interval we could have used would have been 33 msec). 
During constant velocity drum rotations, the drum position traces have 
a sl ight regular wave in them. This is an ar t i fac t of our monitoring 
system: the video monitor screen distorts the image at the periphery of 
the screen so that the round drum appears ovoid. This distort ion is 
insignif icant near the center of the screen and so our measurements of 
head position were not signif icant ly affected by i t . 
The gain of the slow phase of head nystagmus (head angular velocity 
divided by drum angular velocity) was usually noted. The gain could be 
calculated by measuring the slopes of the plots of head and drum angles. 
However, the dist inct ion between accurate following (gam about 1) and a 
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low gam response (gam much less than 1) could be made by direct 
observation of the response (or the videotaped record of the response). 
At the end of the behavioral experiments the rats were given an 
overdose of anesthesia and perfused through the heart with formol-salme. 
Frozen sections of the portion of the brain containing the lesion were 
stained according to the Nissl and Weil methods for histological analysis 
of the lesion s i tes. Tracings of sections containing the lesions were 
made using a Bausch and Lomb microprojector. In a l l cases the lesion 
boundary was taken to be the outer edge of observable effects of the 
lesion; i .e . in the case of cresyl violet-stained sections, chromatolysis 
or g l ios is , and in the case of Weil-stained sections a lack of normal 
f iber staining (the boundaries determined from adjacent sections stained 
with the two dif ferent methods were generally in close agreement). In 
the lesion tracings an inner zone of coagulation or a hollow space was 
indicated by another l ine whenever observed (Figs. 7,9,10-12). 
Results 
Response periods during sessions in the optokinetic drum: 
Except when slow phases of nystagmus were affected by lesions (see 
below), both intact and PRF-damaged rats generally made optokinetic head 
movements (either nystagmus of continuous following) at least 30% of the 
time during a recording session ( typical ly about 10 min long). Good 
responses were frequently observed immediately after changing the 
direction of drum rotat ion. This fac i l i ta to ry effect of direction change 
has been noted previously in guinea pigs and tur t les (Hayes and Ireland, 
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1972). Rats with bi lateral PRF lesions seemed to be more stimulus-bound 
than intact rats or rats with unilateral lesions. We were frequently 
able to induce continuous following responses last ing up to 5 inin in 
b i la tera l ly damaged rats. 
Responses of intact rats: 
I t has been previously noted (e.g. Hayes and Ireland, 1972; Gresty, 
1975) that rodents respond to an optokinetic stimulus with both head and 
eye nystagmus, and occasionally body turns involving the whole body. Our 
intact rats showed head nystagmus during episodes of variable length 
interspersed with periods when head nystagmus was not observed. During 
periods when head nystagmus could not be observed, an intact rat would 
sometimes face the rotating drum, but remain immobile, in which case the 
experimenter could often observe eye nystagmus by peering into the drum 
and looking at the rat closely. 
All but one of the intact rats showed episodes of d is t inct head 
nystagmus. The exceptional animal exhibited very s l ight and infrequent 
head nystagmus movements, but during periods of head f i xa t ion , clear 
ocular nystagmus could be observed. 
Tracings of typical head nystagmus from 2 intact rats are shown in 
Fig. 6. In Fig. 6a the slow phases of head nystagmus (movements to the 
l e f t ) have a velocity as high as some of the quick phases because of the 
high drum velocity chosen (72°/sec). [At lower drum velocit ies the slow 
phases, which have about the same velocity as the drum, are markedly 
longer and slower than the quick phases.] In Fig. 6b a continuous 
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Figure 6. Records of optokinetic head nystagmus in intact rats. a. 
rat F. b. rat D. Note the vertical dashed l ines. They 
indicate where graphs were broken and replotted with 
180°=0° or vice-versa in order to make a compact record of 
continuous rotations. Arrows in b mark direction changes 
of drum and slow phase of head nystagmus. 
• 1 * ^ * 
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response during a change in direction of drum rotation (arrow in bottom 
trace) is i l l us t ra ted . The direction of the slow phase of optokinetic 
head nystagmus does not change unt i l about 2 seconds later (arrow in top 
trace). Thus there is a br ief after-nystagmus analogous to the ocular 
optokinetic after-nystagmus (Ter Braak, 1936). A related phenomenon, a 
gradual increase in the slow phase velocity over several seconds (one to 
two complete drum revolutions) before i t approaches the stimulus velocity 
(Collewijn, 1969; Collewijn, 1980), can also be seen. Although records 
of optokinetic head nystagmus in mammals exist in the l i terature (Gresty, 
1975 in the guinea p ig ; Kubo et a l . , 1981; 0-Uchi et a l . , 1981 in the 
squirrel monkey), to my knowledge th is feature of optokinetic head 
nystagmus, which strengthens the parallel with optokinetic eye nystagmus, 
is documented here for the f i r s t time. 
Intact rats also made orienting head movements towards a stationary 
visual stimulus (see Methods) brought into the lateral portion of the i r 
visual f ie ld from behind while the rats were held in the a i r by the 
torso. When tested repeatedly, up to 5 times to either side, intact rats 
generally turned towards the stimulus within 10 sec. on at least half the 
t r i a l s . 
Effects of PRF lesions on quick phases of optokinetic 
head nystagmus and orienting movements: 
Unilateral PRF lesions roughly 1 1/2 mm in diameter and centered in 
the medial part of nucleus ret icular is pontis caudalis (Fig. 7) , 
abolished ipsiversive quick phases of head and eye nystagmus during 
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Figure 7. Tracings of projections of serial sections through the 
lesion in PRF 27A. Anterior is at top and section numbers 
at right indicate the distance between sections (200u per 
number; e.g. 3 is 400u caudal to 1). Abbreviations: same 
as in previous figures and: CST, corticospinal (pyramidal) 
tract; LC, locus coeruleus; NTSV; nucleus of the spinal 
tract of the trigeminal nerve; NTZ, nucleus of the 
trapezoid body; Q, nucleus q (Meesen and Olszewski); RPC, 
nucleus reticularis pontis caudalis; SO, superior olive; 
TSV, spinal tract of the trigeminal nerve; TVMES, 
mesencephalic tract of the trigeminal nerve; V, trigeminal 
nerve; VMES, nucleus of the mesencephalic tract of the 
trigeminal nerve. 
VM£S 
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passive rotation in the light towards the side of the lesion, in 
agreement with a previous report (Sirkm et al., 1980b). In addition, we 
also observed lasting deficits in visual orienting head movements and 
quick phases of optokinetic head nystagmus. Ipsiversive quick phases of 
optokinetic head nystagmus were abolished in all rats with PRF lesions. 
This statement is based upon many hours of direct observation and review 
of the video record. The responses of a rat with a right PRF lesion to 
optokinetic stimulation 99 days after surgery are shown in Fig. 8. In 
Fig. 8b the animal can be observed to circle to the left during drum 
rotation to the left; i.e. it exhibits a continuous slow phase response 
without any quick phases of head nystagmus to the right. 
Rats with bilateral lesions showed no orienting head movements or 
quick phases of head nystagmus in either direction. In tne optokinetic 
drum they exhibited continuous slow phase movements (circling) in both 
directions. In Fig. 9 we show the tracings of effective bilateral 
lesions. The right lesion had the greatest longitudinal extent of 
lesions in this study because of extra current passed at an electrode 
placement rostral to the stereotaxic coordinate we usually employed. 
We have observed a loss of quick phases of head nystagmus in damaged 
rats up to 204 days after surgery. Only in one rat with unilateral 
damage, PRF 41A, did we observe a return of ipsiversive quick phases when 
we tested it 230 days after surgery. At this time, we also observed 
quick phases of head nystagmus in response to passive rotation in the 
light in this rat. The lesion tracings from PRF 41A are shown in Fig. 
10. The lesion is more ventral and caudal than the lesion shown in Fig. 
7, a more typical PRF lesion that produced longlasting effects. 
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Figure 8. Record of optokinetic response in rat PRF 80 99 days after 
a right pontine reticular formation (PRF) lesion, a. head 
nystagmus with slow phases to the left and quick phases to 
the right during rotation of drum to the right, b. 
circling to the left (continuous slow phase movement) 
during rotation of drum to the left. Arrow marks point 
corresponding to frame where rat appeared to start to slip 
off platform in drum. 
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Figure 9. Tracings of serial sections through bi lateral lesions in 
PRF 46A. Abbreviations: same as in previous figures and: 
LLD, dorsal nucleus of the lateral lemniscus; LLV, ventral 
nucleus of the lateral lemniscus; PCM, middle cerebellar 
peduncle (brachium pontis). 
LLD 
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Figure 10. Lesion tracings for PRF 41A, a rat that eventually showed 
a return of ipsiversive quick phases of optokinetic head 
nystagmus, which were initally abolished by the lesion. 
Abbreviations: same as in previous figures and: LVN, 
lateral vestibular (Deiters1) nucleus; NV11, facial 
nucleus; Vlll, statoacoustic nerve. 
no 
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Deficits in quick phases of nystagmus were paralleled by visual 
orienting deficits. Rats with unilateral lesions did not orient to the 
ipsilateral side, and rats with bilateral lesions did not orient to 
either side. In the exceptional case, PRF 41A made a slight (roughly 
20°) orienting movement to the ipsilateral side when it was tested 230 
days after surgery. 
Effects of PRF lesions on slow phases of optokinetic head 
nystagmus: 
An unexpected finding was that PRf lesions affected slow phases of 
optokinetic head nystagmus as well as quick phases. Of 5 rats with 
unilateral lesions tested 2 or 3 days after surgery, 3 of them, PRF 27A, 
41A, 45A, had practically no ipsiversive slow phases of optokinetic 
nystagmus. [The lesion in PRF 45A (not shown) was similar to the one in 
PRF 27A (Fig. 7). The lesion in PRF 41A (Fig. 10) was more caudal and 
ventral, as noted above]. The slow phases were extremely slight, 
resulting in only about 45° of head deviation after many drum revolutions 
at best. The fourth rat, PRF 47A, had definite ipsiversive slow phases, 
but the gain never approached 1, though gams around 1 were frequently 
observed in normal rats and in rats with lesions after longer survival 
times. The fifth rat, PRF 58A, showed a few good ipsiversive slow 
phases, but did not show any contraversive slow phases. The lesion 
tracings from this rat are shown in Fig. 11. The lesion is more caudally 
and laterally situated than the typical lesion shown in Fig. 7. 
Of 4 rats with bilateral lesions tested 2 days after surgery, one of 
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Figure 11. Tracings of the lesion in rat PRF 58A that produced a 
deficit in contraversive slow phases of optokinetic head 
nystagmus. Abbreviations: same as in previous figures 
and: TRS, rubrospinal tract. 
CST 
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Figure 12. Tracings of serial sections through the bi lateral lesions 
in rat PRF 29A that produced a strong temporary def ic i t in 
slow phases of optokinetic head nystagmus. Abbreviations: 
same as in previous figures. 
•^ tm. 5S> 
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them, PRF 29A, showed practically no response to the optokinetic 
stimulus. Tracings of the lesions in this animal are shown in Fig. 12. 
Two of them, PRF 46A and 56A, showed low g a m following responses, but it 
is possible that in these cases the responses would have reached higher 
gains were it not for the fact that these rats invariably fell off the 
small platform shortly after response onset (the tendency of rats with 
bilateral PRF lesions to walk off precipices during the first few days 
was noted previously—Sirkm et al. 1980b). In fact, PRF 46A clearly 
accelerated very briefly before falling. The fourth rat, PRF 57A, had 
only a slight impairment in following movements: it followed with a gam 
of 0.8 when the drum was turning with a velocity of 90°/sec, though it 
took an unusually long time to reach this gain (16 sec). The 
histological material from this rat was poor because the rat died. 
However, from the fragments available, we concluded that the lesions were 
similar to those in PRF 29A, which produced strong initial effects on 
optokinetic slow phases, except that in PRF 57A they were more rostrally 
placed, being centered at the level of the masticator nucleus. 
The effects on slow phases of head nystagmus just mentioned, unlike 
the effects on quick phases, were subject to a marked recovery. In most 
cases, the recovery was complete in 4-18 days. However, a rat with 
bilateral lesions, PRF 99, that was not tested until 85 days after 
surgery showed practically no response to the optokinetic stimulus. The 
lesions in this rat were very similar to those in PRF 46A (Fig. 9). (As 
in PRF 46A there was also an extra electrode placement on the right side 
that extended rostrally into R.p.o. just dorsal to the caudal portion of 
N.r.t. on that side.) 
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Figure 13. Recovery of ipsiversive slow phases of optokinetic head 
nystagmus in rat PRF 27A with a right PRF lesion, a. 3 
days post-op: absence of quick phases of optokinetic head 
nystagmus to the right and also absence of slow phases to 
the right, b. 11 days post-op: return of slow phases to 
right, revealing intact quick phases to the left. Arrows 
mark direction changes. 
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The recovery of ipsiversive slow phases in rat PRF 27A is illustrated 
in Fig. 13. In Fig. 13a, from a videorecordmg made 3 days after 
surgery, it shows first a continuous contraversive following response, 
indicating an absence of ipsiversive quick phases of optokinetic head 
nystagmus. In the second half of the record, after the drum changes 
direction, the rat shows only a very slight ipsiversive slow phase 
(starting at arrow in head movement trace). This was the best response 
to ipsiversive drum rotation that the rat made during the recording 
session. In Fig. 13b, from a recording made 11 days after surgery, it 
can be seen that ipsiversive slow phases, along with contralateral quick 
phases, have returned during drum rotation towards the side of the lesion 
(the right side), while ipsiversive quick phases are still absent. The 
long ipsiversive slow phase seen after the second arrow in the head 
movement trace may indicate a slight impairment in contraversive quick 
phases resulting from PRF damage across the midline (Fig. 7). Another 
unilateral lesion that barely crossed the midline (PRF 47A) was noted to 
produce a slight delay in contraversive quick phases of head nystagmus 
during passive rotation in the light. 
Discussion 
The results of this study show that Prf lesions in the rat abolished 
quick phases of optokinetic head nystagmus and visual orienting head 
movements. Thus a syndrome of effects on head movements in the rat has 
emerged that is analogous to the well-studied syndrome of occulomotor 
deficits in the monkey (Teng et al., 1958; Cohen and Henn, 1972; Cohen et 
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al., 1968). A class of fast head movements abolished by PRF lesions can 
be defined. The class includes quick phases of both vestibular and 
optokinetic nystagmus, spontaneous turns in the open field, and orienting 
movements to visual stimuli (present results and Sirkin et al., 1980b). 
Interestingly, we have additionally observed that PRF lesions also 
temporarily abolished slow phases of head nystagmus. This effect did not 
appear to be due to tonic deviations resulting from the lesions, as is 
observed in the eyes following unilateral PRF lesions m the monkey 
(Cohen et al., 1968; Goebel et al., 1971), because we also observed 
deficits in rats with bilateral damage even though they exhibited very 
strong slow phases of vestibular head nystagmus immediately after 
recovery from the surgical anesthesia. In the case of the deficits in 
rats with bilateral lesions, we can also rule out the possibility that 
they were making ocular nystagmic responses during drum rotation, because 
in two rats we verified by direct observation of the eyes that the 
lesions caused a longlasting abolition of quick phases of ocular 
optokinetic nystagmus. We suggest that the impairment in slow phases 
might be due to partial damage to the path from the nucleus reticularis 
tegmenti pontis (N.r.t.) to the vestibular nuclei that probably is part 
of the functional link carrying the optokinetic signal from the retina to 
the extraocular muscles (Azzena et al., 1974; Cazm et al., 1980; Precht 
and Strata, 1980; Precht, 1981). [Sirkin and Cheng (unpublished 
preliminary observation) found that a rat with bilateral lesions in the 
region of the N.r.t. (Cheng et al., 1981) showed no optokinetic head 
nystagmus.] 
In this chapter we studied the effects on visuomotor responses of 
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medial PRF lesions. We made lesions that were similar in size and 
placement to those that we previously found were effect ive in abolishing 
other types of head movements (Sirkin et a l . , 1980b). I t remains to 
future studies to vary the placement of lesions systematically to 
determine the c r i t i ca l regions for affecting visually e l ic i ted head 
movements. A study of this nature, but focusing on responses to passive 
rotation in the l i gh t , is now in i t s f inal stages (Si rk in, Jacobson, and 
Kramer, in preparation—see Fig. 2b). I t w i l l require a leap of f a i t h , 
albeit a small one, to assume that the effects on optokinetic quick 
phases would have been similar to the effects on quick phases of 
nystagmus induced by passive rotation in the l i gh t . I t would also be 
worthwhile in future studies to damage the PRF with a technique selective 
for soma destruction. With the e lectro ly t ic lesions in th is study, we 
are unable to rule out the possibi l i ty that some of the effects we 
observed were due to damage to f ibers of passage. A number of long tract 
systems run through the medial PRF, including the tectospinal and 
interst i t iospmal t rac ts . 
A further l imi tat ion of this study was that eye movements were not 
recorded, and so we are unable to conclude anything about eye-head 
coordination other than that a region of the brain that is necessary for 
a certain class of eye movements is also necessary for a similar class of 
head movements. In future studies, ideally eye, head, and pelvis or 
shoulder position would be simultaneously monitored. Such recordings are 
possible using the search coil technique (e.g. Collewijn, 1977a;b). 
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CHAPTER II 
SPINAL PROJECTIONS OF THE MEDIAL 
PONTINE RETICULAR FORMATION. 
AN AUTORADIOGRAPHIC STUDY IN THE RAT 
Introduction 
The medial pontine reticular formation (PRF) rostral to the abducens 
nucleus has recently been implicated as a neural substrate for 
ipsiversive head movements (Sirkin et al., 1980b; see also General 
Introduction, section C2 and Chapter I). Because reticulospinal fibers 
originating in the PRF could provide a direct pathway by which the PRF 
could influence motoneurons of the axial musculature, we decided to study 
these projections in the rat, the species used in our earlier studies, 
using the autoradiographic method. The reticulospinal tracts are 
phylogenetically the oldest descending tracts from the brain to the 
spinal cord (Shapovalov, 1973). Early descriptions of reticulospinal 
projections were given by Tschermak (1898), Kohnstamm (1899), Probst 
(1899) and others [Bechterew, (1885), Held (1893), Gehuchten (1903), and 
Lewandowsky (1904), all cited in Petras (1967)--for other reviews of 
old, 
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as well as more recent, literature on reticulospinal systems, see Brodal 
(1957), Scheibel and Scheibel (1967), and Peterson (1977, 1979b, 1980)]. 
Sites of origin of pontine reticulospinal fibers 
terminating at different levels of the cord: 
Retrograde tracing studies of reticulospinal fibers were performed by 
Torvik and Brodal (1957; [cited and] reviewed in Brodal, 1957) using the 
modified Gudden technique, and more recently by a number of workers 
(Kuypers and Mai sky, 1975; Hancock and Fougerouse, 1976; Peterson, 1977; 
Leichnetz et al., 1978; Tohyama et al., 1979; Sakai, 1980; Hayes and 
Rustioni, 1981) using the horseradish peroxidase (HRP) tracing 
technique. Most studies reported a substantial homolateral projection 
from the medial 2/3 of the m a m pontine reticular formation (nucleus 
reticularis pontis oralis, R.p.o., and nucleus reticularis pontis 
caudalis, R.p.c.--see Fig. 1). Of special interest in the context of 
the present study are the results of Peterson and coworkers (reviewed in 
Peterson, 1977), and Tohyama et al.(1979; reviewed in Sakai, 1980), 
showing significant numbers of cells in dorsal R.p.c. (between the medial 
longitudinal bundle (FLM) and the masticator nucleus) that project to the 
third cervical segment (C3), which contains some of the neck muscle 
motoneurons. In contrast, Hayes and Rustioni (1981) found rather sparse 
labeling in this region after HRP injections in the cervical or lumbar 
enlargements. These observations suggest that medial R.p.c may play a 
greater role in movements of the neck and head than in limb movements, in 
agreement with electrophysiological results (Peterson, 1979a). Finally, 
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from a series of anterograde tracing experiments, Yang and Jones (1981) 
recently reported that , in the ra t , caudal PRF sends a larger projection 
to the cord than more caudal or rostral portions of the ret icular 
formation. 
Organization of pontine reticulospinal systems—brainstem 
and spinal t ra jector ies, and terminations: 
Three d is t inct reticulospinal tracts originating at pontine levels 
were ident i f ied by Papez (1926). The medial (pontine) reticulospinal 
t ract is the largest projection. [We use the designation "(pontine)" to 
indicate that we are referring to medial reticulospinal f ibers 
originating from pontine levels. The medial reticulospinal fibers from 
the medulla should probably be considered to be part of the same t r a c t ] . 
I t originates from R.p.c. and R.p.o. and projects almost exclusively 
ips i la tera l ly to a l l levels of the cord, coursing in the brain in the FLM 
and medial brainstem just lateral to i t (Papez, 1926; Busch, 1961; 
Petras, 1967; Buttner-Ennever and Henn, 1976; Holstege et a l . , 1977; 
Peterson et a l . , 1978; Holstege et a l . , 1979; Jones, 1980; Yang and 
Jones, 1981). In the spinal cord, the medial (pontine) reticulospinal 
fibers course in the ventral funiculus and terminate in the ventral horn, 
almost exclusively ips i la tera l ly (Tschermak, 1898; Probst, 1899; 
Nyberg-Hansen, 1965; 1966; Petras, 1967; Kuypers and Mai sky, 1977; 
Tohyama et a l . , 1979). In the cat, Nyberg-Hansen (1965) reported that 
terminations are greatest in Rexed's laminae VII and V I I I . In the ra t , 
Yang and Jones (1981) reported that they were greatest in regions 
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corresponding to laminae V I I , V I I I , and IX. 
Papez's lateral reticulospinal t rac t , which I w i l l refer to as the 
crossed lateral pontine reticulospinal t ract (and which should not be 
confused with the "lateral reticulospinal t racts" originating in the 
medulla; e.g. Peterson, 1979b) appears to originate in the ventrolateral 
tegmentum around the border between R.p.c. and R.p.o., and to cross 
immediately to the contralateral tegmentum to descend in the 
ventrolateral brainstem and the dorsal part of the lateral funiculus in 
close apposition to the rubrospinal t ract (Papez, 1926; Busch, 1961; 
Kuypers and Maisky, 1975; Hancock and Fougerousse, 1976; Kuypers and 
Maisky, 1977; Leichnetz et a l . , 1978; Holstege et a l . , 1979; Sakai, 
1980). 
Papez (1926) also described a "ventral reticulospinal t ract " 
originating from around the nucleus ret icular is tegmenti pontis (N.r . t ) 
and crossing to descend in the ventral part of the MLF and adjacent 
tegmentum and the ventral funiculus. This pathway may correspond to the 
ventrolateral reticulospinal tract proposed by Tohyama et a l , (1979). 
I w i l l present here our findings on spinal projections from the PRF. 
We have traced additional descending pathways from other portions of the 
pontine tegmentum, which, together with the results presented here w i l l 
constitute a more extensive report of descending projections from the rat 
pontine tegmentum (Sirkin and Feng, in preparation). A catalogue of 
spinal projections from the pontine tegmentum is presented in Table I . 
Cerebellar and ascending projections can also be traced in our material, 
and i t is anticipated that these w i l l be studied, and the observations 
presented in future communications. In th is chapter of my thesis, 
Table I 
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however, I w i l l focus on the spinal projections from the medial pontine 
ret icular formation and the implications for mechanisms of head movement 
control. Some of these results were presented in a preliminary 
communication (Sirkin et a l . , 1980a). 
Methods 
Projections from the pontine tegmentum were studied using the 
autoradiographic method (Cowan et a l . , 1972). Tnt ia ted leucine (New 
England Nuclear) injections were made ster iotaxical ly in the brains of 8 
female and 6 male adult albino rats. [Leucine was chosen because i t 
allows strong axonal labeling, but is not believed to be transported 
transynaptically in appreciable quantities (Jones and Hartman, 1978; 
Edwards and Hendnckson, 1981).] In the f i r s t 4 animals (PRF 1-4), U.5 
ul injections containing 5 uCi were made with a 10 ul syringe (Hamilton), 
and in PRF 5-8, 0.8 ul injections containing roughly 25 uCi were made 
with the same syringe. In the last group of animals (PRF 10-15), 0.1 ul 
injections containing 7 uCi were made with a 1 ul syringe (Hamilton). 
The smaller volume injections with the 1 ul syringe enabled me to inject 
more slowly (10 nl per mm), thus minimizing pressure lesions and spread 
of the label . Survival times were from 1-4 days in PRF 1-3, 16 days in 
PRF 4, and 35-42 days in the rest. The change to more concentrated 
injections and longer survival times was made after learning that 
Holstege et a l . (1979) found good labeling of terminations of supraspinal 
fibers in the cord after injections in the brainstems of cats with these 
concentrations and survival times. 
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The animals were given an overdose of anesthesia, perfused through the 
heart with saline followed by 10% formol-saline, and the brains and 
spinal cords prepared for autoradiography in the usual way (Cowan et a l . , 
1972; Cowan et a l . , unpublished protocol with notes by N. Mangim). 
Specif ical ly, 10 or 15 u coronal sections were made of paraffin-embedded 
t issue, and slides were dipped in Kodak NTB2 emulsion, and l e f t for 6-7 
months (except for the slides of PRF 1, which were exposed for only 1 
month). The sections were stained with cresylecht violet or thiomne 
after developing. 
Photographic slides were made of the sections through a dissecting 
microscope (Olympus) with a dark- f ie ld stage. The labeled pathways were 
then traced with a Bausch and Lomb microprojector using a projection of 
the original histological specimen to f i l l in the cytoarchitectural 
boundaries on the same tracing. Some sections were also examined at 
higher magnification under an Aus Jena compound microscope using both 
br ight - f ie ld and dark-f ield optics. 
One of the shortcomings of the autoradiographic tracing method is the 
uncertainty involved in determining the boundary of the in ject ion s i te 
(Edwards and Hendnckson, 1981). In the figures presented here, we have 
chosen the boundary of continuous, roughly homogeneous, label 
surrounding the end of the needle track as seen in a low-magmfication 
dark-f ield view (projection of the color slide taken through the 
dissecting microscope). This boundary is indicated by a l ine with a 
hatched border in a l l the f igures. 
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Results 
The medial reticulospinal t ract (MRST) was labeled in 13 out of 14 
animals, including a l l 7 that had t n t i a t e d leucine injections that were 
made using coordinates that were identical or very close to those used to 
make lesions in the studies demonstrating PRF lesion effects on head 
movements (Sirkin et a l . , 1980b; Chapter I of th is thesis). Only in one 
animal, PRF 15, in which the inject ion was at the very rostral edge of 
the pontine tegmentum was there a lack of def in i te label of this pathway. 
[ In this animal there were descending f ibers in and around the medial 
longitudinal bundle (FLM) that could be traced down to the caudal edge of 
the facial genu, but no label was seen in the cord, except for what 
appeared to be very sl ight labeling in some sections of the upper 
cervical cord.] The injection si te in a l l the other animals involved 
mainly the pontine tegmentum. The size of the injection s i te appeared to 
be larger in the animals in which larger volume injections were made than 
in the last group of animals, in each animal of which 0.1 ul was injected 
at 10 nl per mm (cf . Figs. 15 and 17). 
The pattern of labeling of the MRST seemed to depend strongly on the 
survival time. In the f i r s t 3 animals, where survival times were 1-4 
days, very l i t t l e labeling could be seen caudal to the cervical cord. In 
PRF 5 and a l l subsequent animals that survived 35-42 days, labeling of 
MRST fibers was rather weak at cervical levels, but in most cases became 
stronger at thoracic levels. In some animals the label disappeared 
completely at upper cervical levels to reappear d is t inc t ly in the 
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Figure 14. Semidiagrammatic tracing of label (dark-f ield view) in PRF 
4 at the inject ion site and at about C8. Silver grains 
are indicated by dots, hatch marks, or squiggles 
(squiggles are used when the grains appear to follow 
fibers running in the plane of the section). A solid 
black area indicates a lesion made by the injection 
needle. The estimated boundary of the inject ion site is 
indicated by a l ine with a hatched border. An inner area, 
demarcated by a plain l i ne , represents a zone of more 
intense label that was easily visible using the 
microprojector (b r igh t - f i e ld ) . Survival time: 16 days. 
Abbreviations: same as in previous figures and: LPRST, 
crossed lateral pontine reticulospinal t rac t ; MRST, medial 
(pontine) reticulospinal t rac t . 
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thoracic cord. Only in rat , PRF 4, which had an intermediate survival 
time of 16 days, was the MRST labeled strongly throughout most of the 
cord, becoming faint only at sacral and coccygeal segments. This animal, 
as described below, also had the clearest labeling of axonal branches in 
the spinal grey. The best sections in the other animals had only diffuse 
labeling over the ventral horn. 
The injection si te and labeling in a section from the cervical 
enlargement in PRF 4 are i l lus t ra ted in F ig. 14. The injection s i te is 
medial to the masticator nucleus, although some motoneurons appear to 
have picked up the label as can be seen from the labeling of motor root 
f ibers. The inject ion s i te extended rostra l ly into the caudal part of 
R.p.o. and caudally to about the level of the posterior pole of the 
masticator nucleus. The inject ion site is similar to the lesion sites in 
Sirkin et a l . (1980b), but is larger and does not extend as far medial as 
the most effective lesions (compare also with Fig.7). A strong 
commissural projection can be seen extending medially from the in ject ion. 
In the spinal section, strong labeling of the MRST can be seen in the 
ipsi lateral ventral funiculus. MRST fibers appear to enter the medial 
portion of the ventral horn and some appear to cross into the spinal grey 
of the contralateral side via the spinal comnnsure. The existence of 
crossing reticulospinal axons has been demonstrated 
electrophysiologically by Peterson et a l . (1975). This pattern was seen 
also in the upper cervical cord, but the suggestion of crossing f ibers 
became less strong at more caudal levels. The crossed lateral pontine 
reticulospinal t ract (LPRST) is also clearly labeled in the dorsal part 
of the contralateral lateral funiculus. Note that on both sides, sparse 
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Figure 15. Semidiagrammatic tracing of serial sections through the 
large inject ion site in rat PRF 2. Anterior at top. 
Markings same as in previous figure. Section numbers: one 
number per 75u. Survival time: 3 days. Abbreviations: 
same as in previous figures and: COU, dorsal cochlear 
nucleus; COV, ventral cochlear nucleus; IP, 
interpeduncular nucleus; LL, lateral lemniscus; PCI, 
in fer io r cerebellar peduncle, (restiform body). 
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Figure 16. Semidiagramatic tracing of descending labeled pathways in 
the rat whose inject ion site is i l lust rated in the 
previous figure (PRF 2). Abbreviations: same as in 
previous figures and: L, nucleus 1 (Meesen and Olszewski); 
NRF, nucleus re t ro fac ia l is ; PR, Probst's t rac t ; bOL, 
nucleus of the sol i tary t rac t ; X I I , hypoglossal nucleus. 
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label can be seen over extended portions of the ventral and lateral 
fun icu l i . This diffuse labeling in addition to the ipsi lateral and 
contralateral lateral concentrations was also evident in rat PRF 2 (Fig. 
16). 
The course of pontine reticulospinal f ibers in the lower brainstem is 
best i l lus t ra ted in the following two examples. Rat PRF 2 (Figs. 15 and 
16) had a large injection involving portions of R.p.o., R .p .c , N . r . t . , 
and the lateralmost part of the pontine nuclei un i la tera l ly . In sections 
56 and 72 (Fig. 16), the MRST can be seen descending in the ips i la tera l 
FLM, but there is also label ventral and lateral to the FLM on both 
sides, which appears to be descending fibers that are not as bundled as 
those running in the FLM. These might be considered to be "ventral" or 
"ventrolateral" reticulospinal f ibers , or they could be considered to be 
medial reticulospinal f ibers running lateral to the main group in the 
FLM. The crossed LPRST fibers can be seen running in the ventrolateral 
portion of the brainstem contralateral to the inject ions. Trigeminal 
motor root f ibers , projections from the N.r . t . and the pons to the 
cerebellum, and Probst's t ract were also labeled in the brainstem. 
[Probst's t ract was frequently labeled when the injection s i te involved 
the region of the nucleus of the mesencephalic t ract of the trigeminal 
nerve in the dorsal tegmentum. In one ra t , th is t rac t could be traced as 
far as the medial dorsal horn of the upper cervical cord. In previous 
studies using degeneration techniques in the monkey or cat (e.g. Busch, 
1961), i t could not be traced caudal to the obex.J 
In rat PRF 11 (Figs. 17 and 18) we have a smaller inject ion that of 
a l l the injections in the study most closely corresponds to the sites of 
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Figure 17. Semidiagrammatic tracings of serial sections through the 
anterior and middle portions of the smaller injection s i te 
in rat PRF 11. One section number per 75u. Survival 
time: 41 days. Abbreviations: same as in previous figures 
and: F, flocculus. 
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Figure 18. Continuation of previous figure: semidiagrammtic tracings 
of the posterior end of the injection site and descending 
labeled pathways in PRF 11. Abbreviations: same as in 
previous figures and: FVI, abducens nerve rootlets; NRL, 
lateral reticular nucleus; PPH, nucleus prepositus 
hypoglossi; X, dorsal motor nucleus of the vagus nerve. 
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PRF lesions that abolish rapid head and eye movements; i .e . i t is 
centered in dorsomedial R.p.c. and extends from the caudal part of R.p.o. 
to the genu fac ia l i s . In th is animal, only the medial reticulospinal 
tract can be seen descending i n , and close t o , the FLM (sections 35,53, 
and Th 7); the lateral pontine reticulospinal t ract was not labeled. 
There was however a projection to the cerebellum (see General 
Introduction, section B.3.e.) as can be seen from label in the cerebellum 
and the middle cerebellar peduncle. At the rostral end of the inject ion 
(section 1) , f ibers can be seen extending from the inject ion ventrally in 
the midline to pass through the pontine nuclei and enter the middle 
cerebellar peduncles. In section 53, f a i r l y strong label can be seen in 
the dorsal promontory of the ips i latera l in fer ior olive at i t s rostral 
end (the section is just rostral to the dorsal promontory on the 
contralateral side). This projection was observed ips i la tera l ly or 
b i la tera l ly in 4 other animals, a l l of which had injections in the dorsal 
PRF. I t is not clear whether th is dorsal promontory of the in fer ior 
olive in the rat i s homologous to the "dorsal cap" in the rabbit (Meesen 
and Olszewski, 1949; Barmack and Simpson, 1980). 
Discussion 
Survival time: 
Although 6 weeks survival time may be optimal for tracing projections 
from the brainstem to the cord in cats (Holstege et a l . , 1979), our 
results indicate that i t is too long for the rat . We found that the 
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labeling or reticulospinal axons, especially the terminal branches in the 
spinal grey, were much more strongly labeled in a rat that survived 16 
days (Fig. 14) than in rats that survived for 6 weeks (Fig. 18). Thus, 
our results suggest that the optimal survival time in the rat is about 2 
weeks, although s l ight ly longer times (perhaps up to 4 weeks) might be 
warranted i f projections to lower levels of the cord were of special 
interest. In future studies, i t might be worthwhile to make 2 or 3 
inject ions, spaced out over a few weeks, at the same s i te using an 
indwelling cannula, in order to label uniformly axons descending to lower 
levels of the cord. 
Projections from medial R.p .c : 
A major projection from medial R.p.c. is the medial reticulospinal 
t rac t , as seen in Fig. 18. Our results on the course and termination of 
this path appear to agree with ear l ier descriptions using degeneration 
techniques in the cat (e.g. Papez, 1926; Nyberg-Hansen, 1965; Petras, 
1967). Since the role of medial R.p.c. in head movement control appears 
to parallel i t s role in eye movement control (see General Introduction, 
Part c, and also Chapter I ) , i t is worth noting that morphophysiological 
evidence in the cat (Yoshida et a l . , 1979; Baker, 1980), as well as 
suggestive autoradiographic data in the monkey (Buttner-Ennever, 1977), 
indicates that some medial R.p.c. and pontomedullary neurons projecting 
to the abducens nucleus contribute axonal branches to the medial 
reticulospinal t rac t . However, we must not be too hasty to conclude that 
these direct pathways to motoneuronal cel l groups are the pr inc ipa l , i f 
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not the sole, avenues by which the PRF exerts i t s influence over head and 
eye movements. Other pathways, such as the projections to the cerebellum 
and the in fer io r o l ive , might also participate in head and eye movement 
control. Olivocerebellar c i rcu i t ry may affect head and eye movements via 
cerebellar projections to the vestibular nuclei and to the medullary, as 
well as pontine, ret icular formation (cf. Walberg et a l . , 1972; Bantli 
and Bloedel, 1975; Manzom et a l . , 1979; Barmack and Simpson, 1980). 
Nomenclature and reticulospinal t racts : 
A number of previous studies (e.g. Papez, 1926; Tohyama et a l . , 1979) 
have attempted to divide reticulospinal pathways into rather dist inct 
t racts , distinguished from each other by their regions of or igin and 
their brainstem and funicular t ra jector ies. Our findings are consistent 
with a ventrolateral or igin of the crossed lateral pontine reticulospinal 
path and a more medial and diffuse origin of the uncrossed medial 
(pontine) reticulospinal t rac t . However, the designation "ventral" 
(Papez, 1926) or "ventrolateral" (Tohyama, et a l . , 1979) pontine 
reticuclospinal t ract may not be very meaningful. We suggest that the 
crossed lateral pontine reticulospinal t ract and the uncrossed medial 
(pontine) reticulospinal t ract be considered as two concentration zones 
at either end of a continuum of loosely organized axons in the ventral 
and lateral funicul i originating in the pontine ret icular formation. 
[The continuum of uncrossed pontine reticulospinal axons in the ventral 
and lateral funicul i is even more str ik ing in the opossum (Martin et a l . , 
1979).] I t is l i ke ly that the axons of closely neighboring 
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reticulospinal neurons might have quite different funicular t ra jector ies. 
Indeed, such an overlapping organization has already been demonstrated 
for the reticulospinal neurons in the medulla (Peterson et a l . , 1975; 
Peterson, 1979b). 
In two recent preliminary communications, Loewy and Saper attempted to 
study the descending projections from the locus coeruleus (Loewy and 
Saper, 1978) and subcoeruleus region (Saper and Loewy, 1979) in the rat 
using the autoradiographic method. They reported that descending 
efferents from the locus ran in Probst's tract (or bundle) while the 
descending axons from the subcoeruleus region had the same brainstem 
trajectory as the medial reticulospinal t rac t . Although our inject ion 
sites often involved the locus coeruleus and subcoeruleus region, a 
determination of the efferent paths from these nuclei is beyond the 
resolution of our inject ion technique. Since Loewy and Saper used 
essentially the same method of in ject ion, we feel there is some 
uncertainty in the i r determination of the pathways from the locus 
coeruleus and subcoeruleus. [Such pathways undoubtedly ex is t , since they 
have been demonstrated by the horseradish peroxidase retrograde tracing 
method (Kuypers and Maisky, 1975; 1977; Tohyama et a l . , 1979). 
Furthermore, i t is known that noradrenegic neruons contribute to these 
projections: looking at the negative image with fluorescence 
histochemistry af ter bi lateral locus and subcoeruleus lesions, Nygren and 
Olson (1977) determined that catechol ami ne-contaimng axons from these 
nuclei course in the ventral and ventrolateral funicul i to innervate the 
spinal grey at a l l levels of the cord.] Since the projections of 
noradrenergic neurons in these nuclei are of primary in terest , i t would 
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be worthwhile in future studies to develop a selective autoradiographic 
tracing method, using a selective labeled precursor, such as labeled 
6-hydroxy-DOPA (Sachs et a l . , 1973; Tohyama et a l . , 1974) to trace these 
projections. 
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CHAPTER III 
EFFECTS OF MEDULLA LESIONS ON HEAD MOVEMENTS IN THE RAT: 
EVIDENCE FOR INVOLVEMENT OF PONTINE RETICULOSPINAL FIBERS 
IN THE MEDIATION OF "FAST" LATERAL HEAD MOVEMENTS 
Introduction 
In previous studies (Sirkin et al., 1980b; Chapter I), we found that 
lesions of the pontine reticular formation (PRF) caused deficits in 
ipsiversive lateral head movements in the rat. The deficits were 
analagous to the deficits in eye movements in other species that had 
previously been described by earlier workers (Lorente de No, 1933; Teng, 
et al., 1958; McCabe, 1965; Cohen, 1974; see General Introduction, 
section CI), and which we also observed in the rat. Just as the PRF is 
essential for a class of fast eye movements that includes saccades and 
quick phases of nystagmus (Raphan and Cohen, 1978) so is it, at least in 
the rat, for a class of "fast" head movements. This class includes 
spontaneous turns in an open field and quick phases of vestibular 
nystagmus (Sirkin et al., 1980b), visual orienting head movements and 
quick phases of optokinetic nystagmus (Chapter I), and stereotypic head 
movements resulting from pharmacological manipulations of the 
nigrostriatal dopamine system (Sirkin and Teitelbaum, submitted; 
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Teitelbaum, Szechtman, Sirk in, and Golam, submitted). 
The medial PRF appears to control ipsiversive rapid eye movements via 
direct projecitons to the ipsi lateral abducens nucleus (Buttner-Ennever 
and Henn, 1976; Graybiel, 1977; Igusa et a l . , 1980). Sirk in, Jacobson 
and Kramer (in preparation) found that the most effective sites for 
lesions affecting fast head movements in the rat were clustered in the 
dorsomedial portion of nucleus ret icular is pontis caudalis ( R . p . c ) , a 
region that appeared to be homologous to the zone containing excitatory 
saccadic burst neurons projecting to the abducens nucleus in the cat 
(Igusa et a l . , 1980). Cells in th is region also send axons to the 
ventral horn in the spinal cord via the medial reticulospinal t ract 
(MRST) as we have seen in the previous chapter. I f the head movement 
control system is arranged similarly to the eye movement control system, 
then we would expect that since the PRF appears to mediate horizontal eye 
movements via direct projections to motoneurons in the ipsi lateral 
abducens nucleus (internuclear neurons in the same nucleus provide the 
l ink to the contralateral oculomotor nucleus for conjugate horizontal eye 
movements--see General Introduction, section C . I . ) , the PRF should 
mediate horizontal head movements via direct projections to motoneurons 
(in the upper cervical ventral horn) also. Thus the MRST would be 
implicated. As a f i r s t test of the hypothesis that MRST fibers 
originating in the PRF mediate fast head movements, we decided to 
determine whether damage to MRST fibers coursing in the descending medial 
longitudinal bundle (FLM) in the medulla could abolish fast head 
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movements. Some preliminary results were presented in a brief 
communication earl ier (Sirkin et a l . , 1980a). 
Methods 
We have observed the effects of unilateral ventromedial medulla 
lesions in 121 rats. Most lesions were made at the level of the in fer ior 
o l ive, but a few were more ros t ra l , at the level of the facial nucleus. 
Many of the rats were prepared primarily to study the effects of in fer ior 
olive damage on locomotion (S i rkm, Rabushka, Schlumpf, Golam, and 
Teitelbaum, in preparation). Either anodal e lect ro ly t ic or 
radiofrequency lesions were made stereotaxically in rats anesthetized 
with a chloral hydrate/pentobarbital mixture (Equithesm) using a 
stainless steel insect pin (#00) coated with insulating varnish (General 
Electric 73027) as an electrode. For anodal lesions, the pin was clipped 
above the tapered portion to expose a cross-section of the widest part of 
the pin. A 1 mA dc current was passed for 6 or, in a very few cases 
10-20 sec To make larger lesions in some subjects, 6 sec currents were 
passed at multiple neighboring s i tes. For radiofrequeny lesions, the t i p 
was clipped, the cut surface rounded off by abrasion, and then insulation 
was removed up to 0.5 or 1.0 mm from the t i p . Radiofrequency (100 kHz) 
currents of about 5-10 mA were passed for periods on the order of 1 min 
using a Grass LM4 lesion maker. Radi ofrequency lesions were made in some 
of the animals of this study because of thei r reported greater 
effectiveness in destroying myelinated f iber bundles when compared with 
anodal lesions (UiCara et a l . , 1974). However, because we obtained some 
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preliminary positive results with electrolytic lesions, we continued to 
use both methods. 
Testing procedure: 
In most cases, open field behavior as well as responses to passive 
rotation were observed as described previously (Sirkin et al., 1980b). 
We routinely used the head movement response to passive turning of the 
torso while the animal was on the ground as an indicator of the strength 
of the lesion effects on fast head movements. To facilitate in 
comparisons, each lesion effect was rated according to a four-level 
rating scheme based on the extent of apparent damage to the mechanism 
generating quick phases of head nystagmus. The effect on fast head 
movements to the right was rated as "complete" if to a passive turn of 
the lower torso 180° clockwise (when viewed from above) the rat responded 
according to the following two criteria: 1) the animal attempted to keep 
its head fixed in space, resulting in a deviation of the head with 
respect to the body of 90° or more to the left, and 2) it took more than 
30 sec for the head to return to a midline position by moving to the 
right (we usually did not wait longer than 30 sec). The rationale for 
this rating is as follows. The attempt to stabilize the head in space 
was actually a movement of the head to the left with respect to the 
body--a compensatory head movement, or slow phase of head nystagmus. In 
a normal animal, only a slight deviation of the head with respect to the 
body would be observed before a quick phase of head nystagmus to the 
right would return the head to a roughly midline position. The large 
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deviation of the head to the l e f t with respect to the body and tne 
maintenance of the position for many seconds indicate that the mechanism 
for generating quick phases of head nystagmus to the r ight was destroyed. 
[Such a "complete" abolit ion of quick phases of head nystagmus can be 
produced rel iably in rats by making medial PRF lesions (Sirkin et a l . , 
1980b). Except when the preparation is complicated by drugs and 
diencephelic lesions, we have never observed any other types of "fast" 
head movements when the abol i t ion of quick phases of head nystagmus was 
complete (unpublished observation).] I f the animal achieved compensatory 
deviations of 90° or greater, but did not maintain them for more than a 
few seconds, then the effect was rated "par t ia l " . I f the compensatory 
deviations were less than 90°, but s t i l l appeared to be exaggerated 
compared to normal, or the quick phases appeared to be s l igh t ly delayed 
compared to normal, or the animal made few spontaneous turns to the right 
in the open f i e l d , then the effect of the lesion was rated "s l ight " . I f 
the animal appeared to be normal with regard to head movements, then the 
effect was rated "no" or " m l " . 
Histology: 
Following the behavioral observations (made over periods of a few days 
to several months), animals were given an overdose of anesthesia, 
perfused through the heart with formol-saline, and their brains removed 
and fixed in the usual manner. Forty micron frozen sections through the 
region of the lesion were taken and stained. In the beginning, only 
cresyl violet was used for most brains, but for later animals, alternate 
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sections were stained with the Weil method. Diagrams of lesions were 
made by tracing projections of sections using a Bausch and Lomb 
microprojector. In the case of cresyl violet-stained sections, the outer 
edge of the zone of gl iosis or chromatolysis was taken as the boundary of 
the lesion. In Weil-stained sections the boundary was taken as the l ine 
outside of which normal staining of f ibers could be seen. When sections 
stained with the Weil and Nissl methods were both available, the 
boundaries of the lesion determined from the two sections very nearly 
coincided. In the tracings, an inner zone of coagulation, or a hollow 
space, was indicated whenever observed. 
Results 
Effects on compensatory head movements 
(slow phases of head nystagmus): 
Since our testing procedure involved observing responses to passive 
rotations, it is important to consider the possibility that lesions in 
the medulla could affect slow phases of head nystagmus, thus confounding 
our attempts to make conclusions about effects on quick phases. The 
identification of the essential pathways for compensatory head movements 
and the portions of the medulla through which they course has not been 
determined (Peterson et al., 1981). 
In 10 animals that had right PRF lesions (similar to those in Sirkin 
et al., 1980b-- see also Fig. 7, Chapter I) that completely abolished 
quick phases of head movements to the right, resulting in exaggerated 
compensatory movements to the left, we attempted to abolish these 
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compensatory movements by making subsequent lesions on the l e f t side in 
the medulla at the level of the facial nucleus or the in fer ior olive and 
centered about 1 mm from the midline. In 5 cases, the medullary lesions 
par t ia l ly or completely abolished the exaggerated compensatory movements 
to the l e f t for 1 or 2 days, while also par t ia l ly or completely 
abolishing anticompensatory head movements (quick phases of head 
nystagmus) to the l e f t . The rats also exhibited exaggerated compensatory 
movements to the r ight . These results demonstrate that i t is possible to 
make a unilateral medullary lesion that impairs ipsiversive quick phases 
of head nystagmus while permitting exaggerated contraversive slow phases 
to occur during passive turning to the side of the lesion. They also 
suggest that both slow phases and quick phases of head nystagmus are 
mediated by pathways which at medullary levels run primarily on the same 
side of the brain as the direction of the movement. Thus i t could be 
expected that the effects of medullary lesions on " fast" head movements 
could be studied using passive turning as the basic test i f the lesions 
were uni lateral . This was the procedure we employed in the major part of 
the study (next section). 
Effects on fast head movements: 
In th is section we w i l l consider the 96 rats that had unilateral 
ventromedial medulla lesions at the level of the infer ior olive (and no 
other lesions). Of these, 14 died during or immediately following 
surgery. Of the remaining 82, 11 had complete effects, 28 part ial 
effects, 20 sl ight ef fects, and 23 no effects on quick phases of head 
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nystagmus (see Methods). All effects were on quick phases to the 
ipsilateral side. Only in one animal was a partial effect on quick 
phases to the contralateral side observed. The lesion extended across 
the midline in this animal (not shown) as in some of the other rats (Fig. 
19), and the effect was weaker than the effect on quick phases to the 
ipsilateral side. 
The determination of the effects on head movements was somewhat 
complicated by other effects on posture and movement, especially from the 
larger lesions. In some cases the animals were unable to walk during the 
first several days after surgery and lay in awkward postures. Rolling 
around the long axis of the body was observed in several animals. 
In animals that had strong deficits in ipsiversive quick phases of 
head nystagmus, deficits in ipsiversive turns in the open field were also 
observed, as in the case with rats with PRF lesions (Sirkin et al., 
1980b). In a few cases the rats maintained a "resting" position with 
head deviated far to the contralateral side. This effect was not 
observed in rats with PRF lesions. 
In order to begin to determine what region must be destroyed in order 
to abolish ipsiversive fast head movements with a lesion in the medulla, 
we compared the lesion locations of 7 lesions that produced clearly 
comlete effects with 6 that produced clearly no effect of a very slight 
effect. The effective lesions appear are shown on the left, and the 
ineffective lesions on the right in Figures 19 and 20. The effective 
lesions appear to be on the average larger, but mainly they are also more 
medial and destroy more of the FLM, where the MRST fibers from the pons 
run (cf. Figures 16 and 18). We are unable to say at this point whether 
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Figure 19. Sections through the centers of medullary lesions. 
Lesions having complete effects on ipsiversive fast head 
movements are on the l e f t ; lesions with no effect or very 
sl ight effects are on the r ight . Note that the lesions on 
the le f t are in general larger and destroy more of the 
FLM. The inner circles drawn in some lesions indicate a 
central hollow or coagulation. Abbreviations: A, anodal 
e lectro lyt ic lesion; RF, radiofrequency lesion. 
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Figure 20. Continuation of Fig. 19. Lesions in two brains sliced in 
the horizontal plane. The effective lesion is again on 
the l e f t . The section traced on the l e f t is s l ight ly 
dorsal to the center of the lesion to more clearly show 
the damage to the FLM. At the center, the lesion was 
s l ight ly larger, but s t i l l did not appear to cross the 
midline. Abbreviations: same as in previous f igures. 
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anodal lesions are more effective than radiofrequency lesions of the same 
size or vice versa. This is partly due to the fact that only near the 
end of the study did we arrive at parameters for making radiofrequency 
lesions with our equipment that we feel are close to optimal for 
producing lesions in the lower medulla that impair quick head movements. 
In two of the animals that had effective lesions (CM 9 and CM 24) 
Nissl-stained sections of the pons region were examined for evidence of 
retrograde cell degeneration but no cell depletion or chromatolysis could 
be observed. This observation does not rule out the interruption of 
pontine reticulospinal f ibers by the lesions, because a large number of 
sustaining col laterals can be expected of ret icular axons (Scheibel and 
Scheibel, 1958), and because there is generally a paucity of cell 
reactions following sections of ret icular axons in adult animals (Brodal, 
1957). 
Recovery: 
Unlike the complete effects produced by PRF lesions (Sirkin et al., 
1980b), the effects of medulla lesions were generally not permanent. 
After a week or several weeks, the complete effects were classified as 
partial, weak, or even nil. Only in the case of the rats with rather 
large lesions (CM 24 and CM 25) were we unable to observe any recovery. 
However, these animals were sacrificed after 10 days, so it is possible 
that they too would have shown some recovery had we allowed them to 
survive longer. 
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Eye movements: 
We routinely made direct observations of perrotatory ocular nystagmus 
(Sirkin et al., 1980b). Although in some cases the nystagmus appeared 
abnormal (for example, shimmering), in no case was there a complete 
abolition of ipsiversive quick phases as was seen after medial PRF 
lesions (Sirkm et al., 1980b). The abnormalities we observed may hvae 
been due to inferior olive damage. (Barmack and Simpson, 1980). 
Discussion 
The pathway for fast head movements: 
We have shown that it is possilbe to abolish, at least temporarily, 
ipsiversive fast head movements in the rat by making lesions in the 
medial part of the medulla. Lesions that involved the descending FLM 
were apparently the most effective. Our results thus indicate that the 
pathway for fast lateral head movements runs in the ipsilateral 
descending FLM and the adjacent medial portion of the medulla. These 
results are consistent with the hypothesis that medial reticulospinal 
fibers originating in the PRF mediate ipsiversive quick head movements. 
However, the hypothesis is far from proven, since many other systems of 
supraspinal fibers descend in the medial brainstem (see, for example, 
Kuypers, 1964). 
One shortcoming of the method used in this study is that there is 
uncertainty in the correlation between effective lesion location and 
location of medial reticulospinal fibers, because we cannot be certain 
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about the zone of complete f iber destruction. I t would perhaps be better 
in future studies to use degeneration techniques for the hisological 
material and to base correlations on the f iber degeneration caudal to the 
lesions rather than on the apparent boundaries of the lesions. 
Preliminary results with th is kind of approach were promising (Sirkm et 
a l . , 1980a). Using a modified Fink-Heimer stain (B.A. Rogowski, 
unpublished) the s i lver impregnation in CM 5, whose lesion (Fig.19) had a 
strong ef fect , was compared with the impregnation in CM 4, whose lesion 
(ventrolateral, not shown) had a s l ight ef fect . Caudal to the lesions, 
darkly labeled axons could be seen in the region of MRST fibers in CM 5, 
but not in CM 4. 
Recovery: 
The greater amount of recovery from the strongest medulla lesion 
effects on fast head movements distinguishes them from the effects of PRF 
lesions. If we assume that the effects of medulla lesions on fast head 
movements are due to damage to pontine reticulospinal axons, then the 
most reasonable conclusion is that either some of these fibers were 
spared by the lesions, or else other pathways from the PRF are 
responsible for the recovery. Since reticulospinal neurons in the PRF 
appeared to be spared by lesions that damaged the medial reticulospinal 
tract, it is conceivable tnat axonal sprouting proximal to the lesions 
could have played a role in recovery. 
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SUMMARY AND CONCLUDING REMARKS 
Following upon the discovery that pontine reticular formation (PRF) 
lesions in the rat abolish most head movements other than stabilizing 
reflex head movements (Sirkin et al., 1980b), it was decided to undertake 
a series of studies to further characterize the effects of PRF lesions on 
head movements and to begin to determine what output pathways from the 
PRF mediate its role in head movement control. 
In the first study, we found that unilateral PRF lesions abolished 
visual orienting movements and quick phases of optokinetic head nystagmus 
to the side of the lesion. Some also had temporary effects on slow 
phases. Effects of bilateral lesions were bilateral. A class of fast 
head movements that are abolished by PRF lesions thus emerges. It 
includes quick phases of optokinetic and vestibular head nystagmus, 
spontaneous turns in the open field, and visual orienting movements. 
This class of head movements is analogous to the class of fast eye 
movements that are abolished by PRF lesions, which includes quick phases 
of nystagmus and saccades. 
In the second study, spinal projections from the PRF in the rat were 
traced with the autoradiographic method. The spinal projections from the 
medial PRF appeared to course in the medial reticulospinal tract. Since 
the recent eye movement literature indicates that the PRF controls 
horizontal eye movements via direct projections to extraocular muscle 
motoneurons in the abducens nucleus, it is suggested that, by analogy, 
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the PRF might control head movements via its efferent fibers descending 
in the medial reticulospinal tract and innervating the ventral horn in 
the spinal cord. 
In the third study, lesions were made in the medulla to determine if 
it is possible to abolish fast head movements by interrupting medial 
reticulospinal fibers. Some medial medulla lesions abolished fast head 
movements, but the effects were not as longlasting as those produced by 
PRF lesions. These results are consistent with a major role for medial 
reticulospinal fibers in the control of head movements, but this role 
remains to be conclusively demonstrated. Other results suggested that 
both fast head movements and slow phases of head nystagmus are mediated 
primarily by fibers running in the same side of the medulla as the 
direction of the movement. 
The main conclusion that can be drawn from these studies is that eye 
and head movement control systems are organized similarly, and that the 
pontine reticular formation plays parallel critical roles in the two 
systems. We have shown that the PRF in the rat is essential for types of 
head movements that are analogous to the types of eye movements that 
require the PRF in other species, as well as the rat (Chapter I). We 
have also obtained evidence that suggests that, as in the case of its 
mediation of eye movements, the PRF may mediate head movements via direct 
projections to motoneuronal cell groups (Chapters II and III). One of 
the most pressing questions remaining is the question of how much these 
results in the rat can be generalized. Can PRF lesions produce such 
striking head movement deficits in the cat or the monkey? The PRF role 
in head movements that we have demonstrated in the rat may be a universal 
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feature of mammalian (or vertebrate?) motor control systems. 
Alternatively, the effects of PRF lesions on head movements in carnivores 
or primates may turn out to be more subtle, which would indicate that in 
higher mammals, other systems have evolved in parallel with the PRF 
system for controlling head movements. 
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